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 ABSTRACT 
 
Tunable diode laser absorption spectroscopy (TDLAS) is an optical gas sensing 
technique in which the emission frequency of a laser diode is tuned over a gas 
absorption line of interest. A fraction of the radiation is absorbed by the sample gas and 
this can be determined from measurements of initial intensity and the intensity 
transmitted through the sample. The amount of light absorbed is related to the gas 
concentration. Additional modulation techniques combined with phase sensitive 
detection allow detection of very low gas concentrations (several parts per million). 
The advantages of using TDLAS for trace gas sensing include; fast response times, high 
sensitivity and high target gas selectivity. However, the sensitivity of many practical 
TDLAS systems is limited by the formation of unintentional Fabry-Perot interference 
fringes in the optical path between the source and detector. The spacing between the 
maxima of these fringes, in particular those generated in gas cells, can be in the same 
wavelength range as Doppler and pressure-broadened molecular line widths. This can 
lead to (1) interference fringe signals being mistaken for gas absorption lines leading to 
false concentration measurements or (2) distortion or complete obscuring of the shape 
and strength of the absorption line, such that the sensitivity of the instrument is 
ultimately limited by the fringes. 
The interference fringe signals are sensitive to thermal and mechanical instabilities and 
therefore can not be removed by simple subtraction techniques. Methods that have been 
proposed by previous workers to reduce the effects of interference fringes include 
careful alignment of optical components and/or mechanically jittering the offending 
components.  
In general the alignment of the optical components is critical. This often leads to 
complex and fragile designs with tight tolerances on optical component alignment, and 
can therefore be difficult and expensive to maintain in field instruments. 
This thesis presents an alternative approach based on the deliberate use of diffusely 
scattering surfaces in gas cells as a means of eliminating spurious signals due to Fabry-
Perot etalons. However, their use introduced laser speckle that contributed an intensity 
uncertainty to gas detection measurements. A methodology for investigating the laser 
speckle related intensity uncertainty has been developed and confirmed. The intensity 
uncertainty has been quantified for the different gas cell geometries employing diffusely 
scattering surfaces including integrating spheres. Methods for reducing the speckle 
related intensity uncertainty were also investigated and are presented. 
It has been shown that under the right circumstances robust gas cell designs that do not 
suffer from Fabry-Perot etalon effects and are relatively easy to align can be realised. 
The performance was found to be comparable to a conventional cell design (e.g. 3ppm 
 detection limit for a 10cm standard cell and 11ppm for a 10cm diffusive cell). The 
technique could potentially simplify instrument design, thereby aiding the transfer of 
technology to industry. 
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lineν  frequency at gas absorption line centre 
Lmν  amplitude of the frequency modulation 
0 0( / )L Lcν λ=  average laser carrier frequency 
mν  modulation frequency 
vν∆  Voigt full width at half maximum  
δν  half-width at half-maximum (HWHM) of the absorption line 
/Lmx ν δν=  modulation index 
Y Optical feedback parameter 
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Chapter 1 Introduction 
 
This chapter begins with a description of the background to the project. This is followed 
by a statement of the aims and objectives of the research. An outline of the thesis is also 
presented. 
1.1 Background to gas sensing 
The need for gas detection is driven by a wide variety of reasons. Some of the important 
reasons include: 
• Personal health and safety (e.g. some gases toxic to human health). 
• Safety concerns and economic reasons in the oil and gas industry (risk of 
explosion, losses due to leaking gas). 
• Environmental monitoring (global warming effect of green house gases e.g. 
Figure 1-1, carbon trading). 
• Compliance with government regulations (e.g. vehicle emissions, Kyoto 
Protocol).  
 
Figure 1-1: (a) The Pasterze, Austria's longest glacier, was about 2 kilometres longer in the 19th 
Century, but is now completely out of sight if viewed from Grossglockner High Road. Images taken 
from website[1]. 
 
Gas measurement can be used in several ways including: (a) to determine accurately the 
amount of gas present and (b) to simply establish the presence or absence of a particular 
gas. The applications that this thesis is targeting are leak detection for gas distribution 
companies and trace gas detection for environmental monitoring. In these applications, 
methane gas is one of the important gases of interest and has therefore been chosen as 
the target gas in this project. 
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1.1.1 Methane gas 
Methane (CH4) is the most abundant organic gas in the atmosphere[2]. Scientific and 
industrial interest in methane makes it a good candidate for a gas detection case study. 
Methane is a greenhouse gas with a concentration of 1.7-1.9 parts per million (ppm) in 
natural air[2]. Carbon dioxide, another major greenhouse gas, is 200 times higher in 
concentration at 350-370ppm. However, the Global Warming Potential (GWP*) of 
methane is 23 times larger over a time horizon of 100 years[3]. The global methane 
concentration growth rate in the atmosphere was 11.5 ppb/year for 1984–1990 and 2.8 
ppb/year for 1995–2005[4] 
“According to some estimates, methane is responsible for a third of current global 
warming, and reductions in methane emissions may be the quickest and cheapest way of 
slowing climate change”[5]. 
Methane is released into the atmosphere through natural and unnatural processes and 
processes resulting from human activities. The main contributors are summarised in 
Table 1-1. 
Table 1-1: Main sources of Methane. Figures based on Wuebles[2] and references within 
NATURAL PROCESSES HUMAN ACTIVITIES 
Process As a % of total 
natural processes Process 
As a % of total 
human contribution 
Wetlands 72% Fossil fuel 
extraction 29% 
Termites 13% Domestic ruminants (cattle, sheep, etc) 23% 
Other 9% Waste decomposition 17% 
Oceans 6% Rice cultivation 17% 
  Biomass burning 14% 
Total 160TgCH4/year Total 375TgCH4/year 
 
Natural gas comprises of mainly methane. Methane is explosive at concentrations 
between 5% and 15% volume in air[6]. If a leak occurs, it is considered as a safety 
hazard because of its explosive potential.  
Leak detection and monitoring of methane is of interest for several industrial 
applications including natural and liquefied gas handling, storage, pipeline transport, 
biogas, coal mining and landfill.  
Emission of methane from landfill sites provides an opportunity to use methane as a 
renewable source of energy. Landfill gases (LFG) are released when organic matter 
breaks down in the absence of oxygen. 
                                               
**
 Is defined as the total impact over time of adding a unit of a greenhouse gas to the atmosphere3 
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Figure 1-2: (a) Leaking gas on the North Sea oil rig Piper Alpha ignited on 6 July 1988, causing a 
blaze in which 167 of the 226 people on board perished. Picture taken from BBC website[7].  
 
The following figures reported in this paragraph were obtained from a website of the 
Department for Business and Enterprise and Regulatory Reform (BERR)*. Typical 
composition of LFG is: Methane (30-50%), Carbon dioxide (30-60%), Nitrogen; 0-
10%. With 62% of domestic waste still directed to landfill, capturing and using methane 
is an important aspect of combating global warming. BERR estimates that methane 
from landfill accounted for 3% of total greenhouse gas emission in 2005 in the UK. 
Landfill energy production from methane made up 33% of all renewable energy in the 
UK compared to 8.2% from wind (in 2005). 
Methane is also traded under the Kyoto protocol; this places an obligation on industries 
producing the gas to measure it. 
1.2 Methane detection  
The method of detection employed depends on the application. In the leak detection and 
trace concentration measurement applications the important instrument criteria are; 
• Large dynamic range of detection sensitivity; in leak detection an instrument 
that can work at both the %LEL† (Lower Explosive Limit) and ppm (parts per 
million) scale is highly desirable. 
• High selectivity of the target gases. 
o Immunity from cross sensitivity to other gases is important.  
o In some cases instruments that respond to both methane and ethane are 
desirable in natural gas detection. 
• Measurement accuracy and long-term stability.  
                                               
*
 http://www.berr.gov.uk/energy/statistics/publications/in-brief/page17222.html 
†
 %LEL: A combustible gas will cause an explosion if its concentration builds up to a value above its 
LEL.  As an illustration, methane concentration between 5% and 15% in air will explode if exposed to a 
flame. The LEL of methane in air is therefore taken to be 5% and a concentration of 100% LEL is 
equivalent to 5% volume. 
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• Explosion safety; the operation of the instrument must not introduce a risk of an 
explosion. 
• Portability. 
• High speed of response (< 10 seconds; in practice limited by time to fill or 
evacuate gas cell). 
• Low cost of ownership; many instruments are required by gas distribution 
companies.  
The methane detection techniques can be broadly categorised into optical and non 
optical techniques.  
Optical sensors rely on the absorption of light by the target gas. Different gases absorb 
light of a specific wavelength (Figure 1-3). At wavelengths other than this, there is 
essentially no absorption. Specific gases can therefore be targeted by selecting light 
sources of suitable wavelength or using appropriate filters with broadband sources. The 
amount of absorbed light corresponds to the concentration of the gas.  
 
Figure 1-3: Theoretical methane (100% volume) absorption bands in the near Infrared region of 
the spectrum using data from the Hitran data base[8].  
 
The principle and operation of the common detection techniques will be dealt with in 
detail in chapter 2; a brief introduction follows. 
In the natural gas and oil industry, non optical techniques that have been traditionally 
used and are still in common use are the flame ionisation detectors (FIDs) and Pellistor 
sensors. Both the FID and Pellistor sensor provide a measure of gas concentration that is 
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inherently related to the combustibility of the gas. Pellistor sensors are mainly used for 
measurements requiring accuracy on the %LEL and %volume gas scales, while the high 
sensitivity of the FID makes it most suitable for work on the ppm scale[9].  
An example of a common traditional optical technique is Non Destructive Infrared 
(NDIR). NDIR sensors measure the absorption of infrared light. Incandescent light 
bulbs are often used as the light source. Wavelength selection is achieved by using 
appropriate wavelength filtering.  
The traditional instruments briefly described above have some operational limitations 
that make them unsuitable for the applications that this project is targeting. The 
resolution of NDIR sensors is set by the bandwidth of the wavelength selection filter 
(typically 100nm around the chosen wavelength); and they are therefore incapable of 
resolving the fine structure of absorption lines. As an illustration, at atmospheric 
pressure and room temperature, methane absorption lines are approximately 0.04nm in 
width. Both the FID and Pellistor cross-respond to a variety of flammable gases and 
vapours and are therefore not suitable for specific species measurements; an important 
requirement in trace gas detection for environmental monitoring. Additionally, due to 
limited dynamic range the instruments have to be used in combination to cover both the 
%LEL (Pellistor) and ppm (FID) scales.  
Optical absorption sensors based on tunable diode laser spectroscopy (TDLAS) can 
overcome some of the limitations of the conventional instruments as well as introduce 
new capabilities such as remote sensing[10]. A brief description of TDLAS is provided in 
the following section. 
1.3 Introduction to gas sensors based on tunable diode laser 
spectroscopy  
Optical absorption sensors based on tunable diode laser spectroscopy (TDLAS) have the 
potential to meet the instrument requirements listed in section 1.2. TDLAS works by 
making a measurement of a single gas absorption line (absorption lines are covered 
detail in section 2.3.3) at very high resolution. This is possible because the lasers 
employed have line widths (typically tens of Megahertz) that are typically three orders 
of magnitude narrower than a single gas absorption line (typically several Gigahertz at 
room temperature). The shape of the gas absorption line can be measured directly by 
scanning the laser diode wavelength across it (illustrated in Figure 1-4).  
One main disadvantage of TDLAS is that the use of narrow line width (long coherence 
length*) lasers can lead to the formation of optical interference fringes between parallel 
reflecting surfaces in the optical path. The formation of fringes is shown in Figure 1-5. 
                                               
*
 The mean length over which interference effects can be observed in the axial direction 
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Fringes occurring in the sensing path will appear in the measured spectrum and may be 
interpreted as the gas absorption signal itself. If the interference fringe signal is larger 
than the detector noise, it becomes the limiting factor of the detection sensitivity.  
 
 
Figure 1-4: Principle of optical absorption. 
 
 
 
Figure 1-5: Illustration of formation of interference fringes: reflections from parallel surfaces can 
lead to formation of a periodic signal at the detector.  
 
Indeed, the sensitivity of many practical TDLAS systems is limited by the formation of 
unintentional Fabry-Perot interference fringes in the optical path between the source and 
detector[11,12]. Thermal and mechanical instabilities mean that fringes can not be 
removed by simple subtraction.  
A number of techniques for eliminating or reducing the amplitude of the fringe signal 
exist. The operation and limitations of these techniques are discussed in detail in chapter 
2.  
In general, these measures are effective in limited circumstances, add to instrument 
complexity and/or can be difficult to maintain in field instruments. This results in 
instruments that are complex, expensive and sensitive to misalignment. 
In recent years, there has been interest in using diffuse reflections within the optical 
path in the following diverse areas; use of remote laser pointer style gas detectors where 
the light is backscattered from a rough surface at ground level[13-15] and use of 
integrating spheres as multi-path gas cells[16-19]. 
This project will take this concept further by investigating the deliberate use of diffuse 
reflections in TDLAS, known in some circumstances to reduce interference fringes[18]. 
This approach has several potential benefits.  
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• Improved detection sensitivity. 
• Reduced complexity and costs in instrument manufacture. 
• Making systems less susceptible to misalignment thereby increasing field 
robustness. 
However, the use of diffuse reflections introduces laser speckle that can contribute a 
random, rather than periodic, uncertainty to gas detection measurements.  
Speckle is formed when an optically rough surface (surface with height deviations 
comparable to the illuminating wavelength) is illuminated by a coherent and 
monochromatic light source such as a laser; the reflected components interfere and the 
surrounding region is filled with a complex interference pattern. 
The formation of laser speckle is illustrated in (Figure 1-6). 
 
 
Figure 1-6: (a) diffuse reflection of light caused by an optically rough surface. (b) Speckle pattern; 
bright spots and dark spots correspond to where the interference has been highly constructive and 
destructive respectively. 
 
Intensity measurements of a speckle field have an intensity uncertainty associated with 
the speckle.  
1.4 Thesis Objectives 
This research program is focused on investigating the use of diffuse reflections in 
TDLAS in the optical path between the source and the sensor as a means of reducing the 
effects of interference fringes. The TDLAS modulation scheme employed in this project 
is Wavelength Modulation Spectroscopy (WMS). Methane was chosen as the gas for 
the case study because of its importance to both the environmental monitoring and 
natural as leak detection applications. The specific aims of the project are outlined 
below. 
• Developing an understanding of both the potential and limitations of WMS. 
Diffuse surface 
Incident light (b) (a) Speckle pattern 
Detector placed in speckle  
field measures gas absorption 
and random noise 
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• Developing a standard WMS methane detection system with a target detection 
sensitivity of approximately 2 ppm. This is the background atmospheric 
concentration of methane.  
• Investigating the use of diffuse reflections in TDLAS by; 
o Developing a good understanding of speckle theory. 
o Developing a theoretical framework for conducting speckle related 
investigations. 
o Developing a methodology for investigating the use of diffuse reflections 
in TDLAS and conducting experimental investigations of the use of 
diffuse reflections in TDLAS.  
o Design and evaluation of gas cells utilising diffuse reflections. 
1.5 Thesis outline 
Chapter 2 reviews methane detection methodology. Optical and non optical techniques 
that are commonly used to detect methane are described. The merits and demerits of the 
different techniques are also discussed. Among the optical techniques considered in this 
thesis, particular attention will be paid to those based on TDLAS. Several TDLAS 
techniques are considered including a detailed analytical treatment of WMS. WMS is 
one of the widely implemented forms of TDLAS and is also implemented in this 
project. Justification for implementing WMS is presented. Noise sources influencing the 
detection limit of WMS are discussed and evidence is presented to show that WMS is 
limited by interference fringes. The operation and limitations of current techniques 
employed to reduce the interference fringes are discussed.  
The purpose of Chapter 3 is to establish a theoretical framework for investigating the 
use of diffuse reflections (speckle effects) in TDLAS. A detailed review of relevant 
speckle theory is presented. The properties of speckle that influence the speckle related 
intensity uncertainty are considered. Additionally, conditions under which speckle can 
give rise to interference effects are investigated. 
Chapter 4 is concerned with experimental investigation of the implications of the 
theoretical framework developed in Chapter 3 on the use of diffuse reflections in 
TDLAS. A methodology for investigating the consequent introduction of intensity 
uncertainty associated with laser speckle that is developed is presented. A systematic 
experimental study of the use of diffuse reflections in TDLAS is reported.  
The results obtained in this chapter will be used in designing and evaluating the 
performance of a diffuse gas cell for use in a TDLAS instrument. 
The development of a WMS instrument is covered in Chapter 5. The various design 
stages are reported. Experimental work conducted to characterise and evaluate the 
performance of the instrument is also presented in this chapter.  
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Chapter 6 reports a systematic investigation of the interferometric effects caused by 
optical feedback (i.e. where a portion of the laser emission is feedback into the laser 
cavity). To the author’s knowledge, this is the first time such a systematic study of the 
interferometric effects due to optical feedback has been reported in TDLAS. 
The focus of Chapter 7 is on the design and evaluation of gas cells employing diffusive 
surfaces. The designs are based on the knowledge developed in chapter 4. A comparison 
of the performance of the gas cells with standard cells is presented. 
Chapter 8 investigates the feasibility of using integrating spheres as multipass optical 
cells in TDLAS. An integrating sphere is a spherical cavity with highly reflective 
surfaces that is used to contain and diffuse input light so that it is evenly spread over the 
entire surface area of the sphere. When used as a gas cell, the high reflective coating of 
the internal sphere surface allows multiple reflections through the sample and results in 
an equivalent absorption path length much larger than the diameter of the sphere.  
A discussion and conclusion of the thesis is given in Chapter 9. Also presented in this 
Chapter are suggestions for further work. This is followed by a list of publications 
arising from this research and appendices. 
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Chapter 2 Methane Detection methodology  
 
The importance of detecting methane has been previously discussed in Chapter 1. This 
chapter describes the common non optical and optical gas detection techniques that are 
used for methane detection.  
2.1 Non optical techniques 
The non optical techniques described in the following paragraphs are flame ionisation 
detectors (FID), catalytic sensors and solid state sensors. 
2.1.1 Flame ionisation detectors (FID) 
The FID is based on the measurement of changes in the number of ions generated in a 
hydrogen/air diffusion flame due to the presence of trace quantities of organic 
compounds. It was first described by McWilliam in 1958[1]. The detector is still 
commonly used for the quantification of organic compounds in gas chromatography 
experiments and in portable gas leak detection instruments today. 
The FID responds to most compounds that contain carbon. A typical FID instrument 
consists of a hydrogen/air flame and a collector plate (Figure 2-1). 
 
 
Figure 2-1: Schematic diagram of a Flame Ionisation Detector.  
 
The sampled gas is burned in the flame. The organic compounds are reduced into 
carbon fragments and become ionised. The ions are collected on a biased electrode 
above the flame. The generated current is measured across the collector and the metal 
jet. This signal is amplified for subsequent processing. The FID is extremely sensitive 
(1 to 50,000ppm[2]) and linear over many orders of magnitude (between 3 and 5[3]). 
Air 
area A 
Hydrogen 
Flame 
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The disadvantages are that it destroys the sample and instruments are complex - they 
need hydrogen and a stable environment for the flame. The technique is non selective 
between organic compounds. 
2.1.2 Catalytic sensor 
Flammable gas sensors are in common use in oil and gas plants, both onshore and 
offshore. They are used to detect combustible gases such as methane. They are designed 
to set off warning signals if the combustible gases accumulate to explosive levels.  
Traditionally, the catalytic sensor or Pellistor has been employed for this type of 
detection. The Pellistor is a miniature calorimeter used to measure the energy liberated 
on oxidation of a combustible gas[4]. The combination of high heats of oxidation and a 
ready supply of oxygen make catalytic sensors very suitable for monitoring flammable 
gases in air. 
Many Pellistor beads consist of a coil of fine platinum wire surrounded by porous 
alumina. Pellistors are manufactured as pairs, a sensitive (or catalytically active) 
element and a non-sensitive (or compensating) element[4]. The sensitive and the 
compensating elements are treated with catalysts that enhance and inhibit oxidation 
respectively. The bead is heated by passing a current through the platinum wire coil to a 
temperature (around 500°C) at which oxidation occurs at the sensitive element. The 
oxidation results in further temperature increase, with a consequent increase in the 
resistance of the platinum coil in the sensitive element. This leads to a difference in 
resistance between the two beads and for most gases, this output change is linear with 
concentration. A Wheatstone Bridge circuit is often employed to sense this difference in 
temperature[4]. The sensitive element therefore responds to gas whilst the compensating 
element allows for the effect of environmental change. Figure 2-2 shows a typical 
Wheatstone bridge circuit for detecting a change in resistance. 
 
 
Figure 2-2: A typical Wheatstone bridge circuit for detecting a change in resistance. After Jones[4]. 
Key: R, resistance; POT, variable resistor. 
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The sensors have a long life but are considered to have the following disadvantages: 
• Pellistor sensors are not very sensitive. They are typically used for 
measurements requiring accuracy on the %LEL (lower explosive limit, with 5% 
methane concentration corresponding to 100% LEL) and %VOL (volume) 
scale[5]. They are unreliable to be used on the ppm scale due to short term drift. 
• Pellistors are 'poisoned' by contaminating chemicals (e.g. silicones, sulphur 
compounds, chlorine compounds, heavy metals)[6]. These chemicals react with 
the catalyst during oxidation causing an inert layer to build up on the bead 
surface resulting in degradation of the sensor. They are also irreversibly 
damaged by water. 
• Pellistor sensors cross-respond to a variety of flammable gases and vapours. 
2.1.3 Metal oxide semiconductor (solid state) 
Solid state sensors exploit the phenomenon of electrical conductivity changes induced 
in semiconducting materials by adsorption of gases on the solid surface[7]. The solid 
state sensor is often made up of a tin oxide bead that is formed around two thin coils of 
platinum wire. Heating the bead using one of the coils results in oxidation of the gas on 
the bead surface. This has the effect of changing the electrical conductivity as measured 
between the heated and unheated coils. This sensor responds to many oxidisable gases. 
The sensors are attractive because they are inexpensive, rugged and show high 
sensitivity to some gases.  
The main disadvantages of the solid state sensor are: 
• Sensors have poor gas selectivity 
• Sensor instability and irreproducibility leads to difficulty in the interpretation of 
positive readings and the potential for false positive alarms[8]. 
• Sensors are effective over a limited range of relative humidity. As humidity 
increases, sensor output increases as well. Water vapour affects both the 
conductance in air and sensitivity to other gases[7]. 
• Response to gases is nonlinear as a function of concentration[7]. 
• Sensor response times are very temperature dependent (being shorter at high 
temperatures)[7]. 
2.2 Optical absorption spectroscopy  
In this section the underlying principle of optical absorption spectroscopy is outlined, 
and a discussion of gas absorption lines with emphasis on methane absorption lines is 
given. 
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2.2.1 Fundamentals of optical absorption spectroscopy 
Many gases have useful characteristic absorption lines throughout the electromagnetic 
spectrum. Gas molecule absorption spectra can be classified into three separate types of 
spectra: rotational, vibrational, and electronic spectra. Selection of an optimal 
wavelength region for gas measurement is application specific and is based on a variety 
of parameters that includes strength of absorption, avoidance of spectral interferences 
from other gases, availability of light sources, and the detection requirements. Table 2-1 
below shows the regions of the electromagnetic spectrum and the associated 
spectroscopic techniques. 
Table 2-1: Regions of the electromagnetic spectrum and the molecular processes associated with 
each region as defined by Banwell and McCash[9] 
 
FREQUENCY WAVELENGTH TRANSITION SPECTROSCOPY 
TECHNIQUE 
Radio 
frequency 
region 
3×106-3×1010Hz 10m-1cm Reversal of spin of 
a nucleus or 
electron 
Nuclear magnetic 
resonance(n.m.r) or  
Electron spin 
resonance (e.s.r) 
Microwave 
region 
3×1010 -
3×1012Hz  
1cm-100µm Transitions 
between different 
rotational levels 
Rotational 
spectroscopy 
Infra-red 
region 
3×1012 -
3×1014Hz 
100µm-1µm molecular 
vibrational modes 
Vibrational 
spectroscopy 
Visible and 
ultra-violet 
3×1014 -
3×1016Hz 
1µm-10nm Transitions 
between energies 
of valence 
electrons 
Electronic  
spectroscopy 
X-ray 3×1016-3×1018Hz 10nm-100pm Energy changes 
involving inner 
electrons of atoms 
or molecules 
 
 
Many optical techniques concentrate on transitions in gases in the near (0.8-2.5µm) to 
mid infrared (2.5-14µm) regions of the spectrum. The transitions are due to molecular 
bond vibrations combined with rotational “fine structure”. The optical techniques can be 
grouped according to; 
• Techniques that measure the intensity of the transmitted beam (illustrated in 
Figure 2-4) at the wavelengths characteristic of a particular target gas. Two in 
common use are non-dispersive infrared (NDIR) and tunable diode laser 
absorption spectroscopy (TDLAS). 
• Techniques based on what happens to the absorbed or scattered photon. 
o Temperature and pressure change in the gas (e.g. photothermal and 
photoacoustic spectroscopy). 
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o Re-emission or scattering at a different wavelength (e.g. fluorescence, 
Raman spectroscopy). 
Molecules of gas only absorb energy at specific wavelengths (gas absorption lines) in 
the electromagnetic spectrum. Figure 2-3 below shows methane transmission spectra in 
the 1.65µm region. 
 
 
Figure 2-3: Theoretical methane (100% volume) transmission spectrum in the 1.65µm region using 
data from the Hitran data base [10]. The pathlength is 1cm. 
 
The basic principle of absorption-based gas detection is shown in Figure 2-4 in which a 
transmission-type sensor is illustrated. When a laser beam of frequency ν  and intensity 
0 ( )P ν  passes through a gas sample, the output intensity ( )I ν may be expressed 
according to Beer-Lambert law[9] as  
 0( ) ( )exp[ ( ) ]P P CLν ν α ν= −   (2-1) 
where C  is the gas concentration in ppm (parts per million), L is the distance over 
which the laser light interacts with the gas conveniently expressed in metres m, the 
constant ( )α ν with units of ppm-1 m-1 represents the specific absorption coefficient due 
to gas absorption. The concentration-path length product CL  is sometimes referred to as 
the absorption factor or optical depth. 
 
 
Figure 2-4: Illustration of Beer’s Law. 
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The amount of light absorbed is usually measured by transmittance 0/T P P= . For 
single wavelength light sources and at low gas concentration the term exp[ ( ) ]CLα ν−  is 
approximately equal to 1 ( )CLα ν−  such that transmittance can be expressed as 
 exp[ ( ) ] 1 ( )T CL CLα ν α ν= − ≅ −   (2-2) 
 
Equation (2-2) is often expressed as absorbance; ln(1/ )A T= .  
 A= ( )α ν CL (2-3) 
 
This is a more convenient form as the relationship between absorbance and 
concentration, C, is linear. 
2.2.2 Absorption line shapes  
Characteristics that are important in atmospheric measurements are the gas absorption 
line strength (S), and the line shape and width. The width and shape of the gas 
absorption lines depend on both the temperature and pressure. For some gases, the lines 
are well separated under normal atmospheric pressures and temperatures. The 
absorption lines of other molecules are broadened by pressure resulting in an overlap of 
the lines (Figure 2-5). Overlapping lines from different gases can lead to cross 
interference in high resolution spectroscopy measurements. 
 
 
Figure 2-5: Absorption spectra of the Q branch of the 32ν band of methane obtained by Uehara[11]. 
(a) Low pressure or Doppler limited spectrum and (b) atmospheric pressure (Lorentzian) . The 
spectrum was obtained by temperature tuning a 1.66µm DFB laser. The methane pressure was 4 
Torr in both traces but 1-atm air was added in (b). The absorption cell length was 50cm, and (b) 
was deliberately shifted upward for clarity. 
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The product of the specific absorption coefficient ( )α ν and concentration C  is termed 
the spectral absorption coefficient kv in m-1. The spectral absorption coefficient is related 
to the pressure of the absorbing species Pabs (atm), the temperature dependent line 
strength of the transition S(T) (cm-2 atm-1), and the line shape function 0( )ϕ ν ν−  (m) 
according to the following relationship[12]. 
 0( ) ( )absk P S Tν ϕ ν ν= −   (2-4) 
The dependence of the line shape and width on temperature and pressure is usually 
grouped into three pressure regimes; Doppler broadening, pressure broadening and the 
Voigt regime.  
Doppler broadening is due to the random thermal motion of the gas molecules and is 
dominant at pressures below about 10 Torr. The line shape of a Doppler broadened line 
is a Gaussian function that depends on the linewidth Dν∆ (defined as the full width at 
half maximum). 
 
17 2
07.16 10 ( / )D T Mν ν−∆ = ×   (2-5) 
where 0ν is the frequency at the line centre; T, the temperature in Kelvin; and M, the 
molecular mass[13]. For example, methane (M=16, 0ν =6057cm-1 or 1651nm) at a 
temperature of 298K has Dν∆ = 18.7×10
-3cm-1. At the line centre the specific absorption 
coefficient 0( )α ν  of a Doppler broadened line is given by[13] 
 0( ) 0.94 ( ) /D DS Tα ν ν= × ∆   (2-6) 
from which the absorption cross section of gases of interest can be calculated to lie in 
the range 10-18-10-16cm-2molecule-1.  
Pressure broadening generally applies to pressures above 100 Torr. The line shapes and 
widths are governed by collision-induced broadening and the line shape is defined by a 
Lorentzian function. For a given temperature, the linewidth Lν∆  increases linearly with 
pressure 
 2L cb pν∆ =   (2-7) 
Where p is the gas pressure; and bc is the pressure broadening coefficient. At the line 
centre the specific absorption coefficient 0( )α ν  of a pressure broadened line is given by 
 0( ) 2 ( ) / ( ) /L L cS T S T b pα ν pi ν pi= ∆ =   (2-8) 
Pressure broadened linewidths are typically on the order of 0.1cm-1
 
(3GHz) at 
atmospheric pressure. This is approximately 1-2 orders of magnitude larger than purely 
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Doppler limited linewidths. Pressure broadening results in much smaller peak specific 
absorption coefficients and in progressive overlapping and blending of the molecular 
absorption lines of many large molecules[13] (Figure 2-5). This limits the measurements 
to light molecules (diatomic e.g. NO or CO or light polyatomic e.g. CH4 or NH3). Due 
to absorption of atmospheric pressure broadened lines of some gases such as H2O and 
CO2, which are present in large concentrations (e.g. approximately 370ppm for CO2, 
compared to 2ppm for methane), measurements are further limited to so called windows 
(spectral regions free of H2O and CO2). 
In the pressure region between 10 and 100 Torr or at altitudes between 10 and 40km, 
designated as the Voigt regime, the line shape and width are described by a convolution 
of Doppler and pressure broadened line shapes[13]. The Voigt regime linewidth is 
computed numerically and can be approximated (to a claimed accuracy of 2 parts in 
10,000) by[14] 
 
12 2 2
1 2( )v L L DC Cν ν ν ν∆ = ∆ + ∆ + ∆   (2-9) 
where C1 = 0.5346 and C2 = 0.2166. At the line centre the specific absorption 
coefficient 0( )α ν  of a pressure and collision broadened line is given by 
 0 2
( )( )
2 (1.065 0.447 0.058v v
S T
x x
α ν
ν
=
∆ + +
  (2-10) 
Typical linewidths for atmospheric species in the Voigt pressure regime fall in the range 
5×10-3 to 5×10-2cm-1 (150-600 MHz). This is smaller than the spacing of rotational lines 
of many molecules of interest; therefore operation in this regime increases sensitivity 
and specificity and allows measurements in the spectral regions where H2O and CO2 
have strong absorptions[13]. The disadvantage is that measurements are limited to point 
sampling because of the need for a vacuum pump, or high altitudes.  
The pressure regime that applies to this work is the atmospheric pressure broadened 
regime. The gas measurements will be performed at atmospheric pressure on the light 
polyatomic molecule methane around 1650nm. 
2.2.3 Methane absorption lines  
Most gas molecules including methane have fundamental bands of vibrational transition 
in the mid-infrared (2-14µm) region, whereas overtone and combination bands lie in the 
near infra-red (0.75-2µm) region. The tetrahedral CH4 molecule has four fundamental 
vibrational modes (Figure 2-6). 
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Figure 2-6: Four fundamental vibration modes of the CH4  molecule. After Ikegami et al[15]. 
 
In general, the fundamental bands have much stronger absorption intensities than the 
overtone bands. The strongest methane vibrational absorption bands are the 
fundamental bands centred at 3.3µm and 7.6µm. The strongest band of methane below 2 
µm is the 32ν  band (an overtone of 3ν  at 3.3µm illustrated in Table 2-2 and  Table 2-3), 
whose centre is located at 1.665 µm and whose absorption strength is approximately 25 
times smaller than the fundamental 3.392 µm[11]. This band occurs in a spectral region 
relatively free of water and other interferences making it a good potential candidate for 
CH4 measurement. Vibrational overtone line strengths in the near infrared are 
approximately two to three orders of magnitude lower compared to the fundamental 
lines in the mid infrared region[16]. 
In the near infra red region, diode lasers can be fabricated to a specific wavelength at a 
relatively low cost. Near infra red diode lasers have the advantages of single-
longitudinal mode output at milliwatt power and room temperature operation. In 
addition the benefits from availability of fibre optic technology and inexpensive 
auxiliary equipment, such as thermoelectric coolers, lenses, low noise current drivers 
and detectors primarily developed for the telecoms industry outweigh the disadvantage 
of working with the weaker overtone and combination bands. 
The strong methane absorption lines below 2µm are listed in Table 2-2 below and those 
of the 32ν band around 1.65µm are listed in Table 2-3. 
The relative magnitudes of the R0-R4 branches of the 32ν band of Methane around 
1650nm are illustrated in Figure 2-7 below. The laser diode used in this project can 
access the R3 and R4 branches of the 32ν  band of methane. The individual lines of the 
R4 branch (shown in Table 2-3) overlap at atmospheric pressure to give the appearance 
of a single line (Figure 2-7). 
C C C C 
H H H H 
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H H H 
ν2 ν3 ν4 
H 
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Table 2-2: The overtone band classification in the 2µm region as suggested by Norris and Unger[17] 
BAND 
µm 
WAVENUMBER 
1cm−
 
CLASSIFICTION 
1.1350 8800 
 
1
1 32 8819cmν ν
−+ =  
1.1620 8606 
          33 8661ν =
1cm−  
1.1873 8423 
            
1
1 42 2 8434cmν ν
−+ =  
1.3305 7516 1
2 32 7548cmν ν −+ =  
1.6645 6008 
          32 6028ν = 1cm−  
1.7335 5769 
        1 2 4 5737ν ν ν+ + = 1cm−  
1.7898 5587 1
1 42 5521cmν ν
−+ =  
 
Table 2-3: The R branch classification of the 2ν3 band of methane in the 1.65µm region as 
suggested by Margolis[18] 
BRANCH WAVENUMBER /cm-1 WAVELENGTH/nm 
STRENGTH OF BRANCH @296K 
10-3cm-2atm-1 
R0 6015.66435 1662.326789 14.39 
R1 6026.22743 1659.412977 14.121 
R2 6036.65362 1656.546926 
 6036.65841 1656.545612 
30.84 
R3 6046.94195 1653.72846 
 6046.95275 1653.725507 
 6046.96474 1653.722228 
77.84 
R4 6057.07779 1650.961131 
 6057.08609 1650.958869 
 6057.09977 1650.95514 
 6057.12733 1650.947628 
96.59 
 
 
Figure 2-7: Theoretical Methane transmission spectra of the R branch of the 32ν  band of methane 
in the 1.65µm region as obtained from the Hitran database[10]. 
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In the past, the laser sources used for absorption measurements were not stable enough 
to provide a high signal to noise ratio*[19,20]. Lack of adequate laser frequency 
stabilisation necessitated frequent calibration of the systems’ response whilst multimode 
behaviour led to nonlinearities in the response[19]. This led to the popularity of other 
techniques such as flame ionisation and photo-acoustic spectroscopy (using broad band 
light sources) in trace analysis. Now however, single longitudinal mode semiconductor 
lasers are readily available and there emission frequency can be stabilised using their 
operating current or temperature. 
In the following sections, optical absorption techniques that are in common use, 
particularly those employing tunable diode lasers, are discussed. 
2.3 Non dispersive infra red (NDIR) 
The technique is 'non-dispersive' because it does not resolve the spectrum. Narrow-band 
optical filters are used to select an absorbing region of the spectrum[21]. NDIR is 
typically used in the mid IR where signal strengths are very high. Filament lamps or 
light emitting diodes are used as light sources and are often modulated either 
mechanically or electronically. A schematic diagram of a basic NDIR sensor is shown 
in Figure 2-8.  
 
 
Figure 2-8: Schematic diagram of an NDIR sensor. After SIRA Technology LTD[21] 
 
A reference beam derived from a second filter with a pass band at a different 
wavelength from the measurement wavelength, such that it is not absorbed by the target 
gas, can be used to correct for variations in the source intensity, detector efficiency and 
the performance of the optics[21].  
The advantages are that the technique is simple to implement and the cost is low to 
moderate. The disadvantages include: 
• Light source and detector both subject to drift. 
                                               
*
 In this case defined as the ratio of measured quantity to the spurious optical signals produced by the 
source  
Sample gas input Sample gas out 
IR source 
filter sensor 
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• Lack of very fine spectral selectivity; therefore susceptible to cross-response to 
other gases. 
• Dirt on the windows can be interpreted as gas absorption. 
 
2.4 Photo-acoustic Spectroscopy (PAS) 
Illuminating a gas with the light of a frequency that matches one of its resonant 
vibration frequencies results in partial absorption. The molecules of the gas that are 
excited to a higher vibration energy state as a result of the absorption will in time relax 
back to the initial state  through a number of processes (Figure 2-9). For vibration 
excitation, the primary relaxation process is vibration to translation energy transfer 
which results in increased heat energy of the gas molecules and therefore a temperature 
and/or pressure increase in the gas[22]. Only the nonradiative relaxation contributes to 
the heat production and thus to the PAS signal[23]. The PA (photoacoustic) process is 
therefore complementary to fluorescence and additional nonthermal decay processes, as 
illustrated in Figure 2-9.  
 
Figure 2-9: Principle of the Photoacoustic effect. After Sigrist[23]. Key: V-T, vibrational to 
translational 
 
If the incident radiation is modulated, then the temperature and pressure will be as well. 
The modulated pressure will result in an acoustic wave, which can be detected with a 
sound measuring device, such as a microphone[22]. A schematic diagram of a typical 
PAS set up is shown in Figure 2-10 below. 
The generated acoustic waves are detected by the microphone. The microphone signal is 
fed to a lock-in amplifier locked to the modulation frequency. The average laser power 
can be recorded simultaneously by a power meter. This can be used to normalise the 
microphone signal as shown in Figure 2-10. 
The amplitude of the acoustic wave will depend upon such factors as the geometry of 
the gas cell, incident light intensity, absorbing gas concentration, absorption coefficient, 
and the background gas.  
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Figure 2-10: Schematic diagram of a PAS system. Key: S, microphone signal; P, Laser power. After 
Sigrist[23]. 
 
Gas concentration measurements are performed by calibrating the photoacoustic signal. 
Often a linear behaviour of the signal is observed in a large dynamic range more than 
five orders of magnitude[22]. This makes PAS suitable for applications in trace gas 
analysis and pollution monitoring. Advantages of PAS include: 
• Selective and quantitative measurement of a specific gas in a mixture of gases 
can be achieved by using a broad band source with an appropriate optical filter. 
• Very high sensitivity can be achieved.  
• Instruments are stable; microphones have demonstrated a very low drift 
equivalent to <10% in 100 years[24].  
• Instruments have a large dynamic range, up to 105 times the detection limit can 
be achieved for a specific gas[24]. Therefore the same instrument can be used at 
extremes of the concentration scale without recalibration. 
2.5 TDLAS spectroscopy techniques 
TDLAS employs diode lasers with narrow linewidths (tens of megahertz) that are 
narrower than Doppler linewidths and can be continuously tuned over a desired 
wavelength region (up to tens of GHz).  
The use of narrow linewidth lasers has a particular advantage in atmospheric 
measurements where very high spectral resolution is required to avoid interference 
between species, particularly from water and carbon dioxide (absorption lines of H2O 
and CO2 are widely occurring). Individual rotational-vibrational features have 
linewidths of typically 2×10-3cm-1 (60MHz). Instruments with broad-band light sources 
such as NDIR (section 2.4) are generally incapable of such high resolution[13]. Sources 
such as CO2 and CO lasers that are commonly used in PAS (section 2.5) have narrow 
linewidths but rely on accidental resonance between laser emission lines and the gas 
absorption lines[13]. On the contrary, diode lasers, particularly in the near infrared, can 
be fabricated to a specific wavelength at relatively low cost.  
In addition to specificity, TDLAS offers many other advantages including: 
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• High sensitivity (sub ppm); allowing measurement of trace species or trace 
constituents in complex gas mixtures. 
• fast response times; allowing rapid surveys or gas flux measurements.  
• portable instrumentation; allowing vehicle based or hand held TDLAS systems 
that are in use in the gas utility industry. 
• Large dynamic range; the same instrument is capable of measuring %Vol, LEL 
and ppm scale. 
TDLAS systems have been used in a variety applications including; air pollution 
monitoring, research tools to study atmospheric processes and process control. A 
comprehensive review of applications of TDLAS techniques can be found elsewhere in 
the literature[25]. Due to the specificity and freedom from interferences of TDLAS, it has 
been used as a standard over which other less definitive techniques can be compared 
and calibrated[13].  
TDLAS can be implemented in a number of ways. The main TDLAS techniques 
include: direct spectroscopy, wavelength modulation spectroscopy (WMS), frequency 
modulation spectroscopy (FMS) and two tone frequency modulation spectroscopy 
(TTFMS). There has been a lot of work, both theoretical and practical, in comparing the 
different TDLAS techniques[26-28]. These techniques are described in the following 
sections. 
2.5.1 Direct Spectroscopy 
In fixed wavelength optical absorption techniques that measure the transmitted intensity 
after passage of light through the gas cell, the signal beam is attenuated by absorption of 
the gas under investigation, but also by other processes such as scattering or dirt on the 
gas cell windows. It is therefore not possible to determine to which extent the 
attenuation can be attributed to the influence of the absorber. However, when the 
wavelength of the light source is tuned over the absorption feature of interest, the 
proportion of absorption that is linked to the concentration of the molecule is 
wavelength dependent and can therefore be distinguished from the attenuation of the 
light due to other processes that tend to have broader spectral absorption features. The 
absorption due to gas peaks at the gas absorption line centre. The signal and its 
background (to both sides of the absorption feature) are recorded almost 
simultaneously; therefore, absorption due to other processes will appear as base line 
shift. 
A schematic diagram of a typical experimental setup for laser diode based direct 
absorption spectroscopy is shown in Figure 2-11. The laser diode frequency is stabilised 
at the peak of the absorption line by controlling its operating temperature and current. A 
low frequency (hundreds of Hz or several kHz) saw tooth waveform with suitable 
amplitude is then added to the laser D.C. operating current. This has the effect of 
scanning the laser frequency across the gas absorption line. A proportion of the laser 
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intensity is absorbed in the gas cell. The transmitted light is collected and the detected 
signal is amplified. The signal can then be monitored on an oscilloscope. The signal on 
the oscilloscope (Figure 2-11) has a sloping background because the saw tooth wave 
form has the undesirable side effect of ramping the laser diode intensity. The 
disadvantages of this technique are the strongly sloping background signal, which make 
it very difficult to identify small absorptions, and the vulnerability of the scheme to 
small drifts in the laser output power[29]. The background signal is directly related to the 
incident laser power. This problem can be reduced by normalising the measured signal 
by a signal obtained without gas in the cell.  
 
Figure 2-11: A schematic diagram of a typical experimental setup for laser diode based direct 
absorption spectroscopy. 
 
The amplitude of the saw tooth waveform must be chosen carefully to avoid having any 
instantaneous currents that are below the threshold for lasing, above the permitted upper 
current limit, or in a region where mode hops are induced.  
Sensitivity can be improved by increasing the path length over which absorption occurs 
in the gas cell. Multipass cells such as the White[30-31] or Herriott[32-33] cells are often 
used. 
Direct spectroscopy is limited to measurement of peak absorbances A (defined in 
equation (2-3)) greater than 10-3, by uncertainties in subtracting two large numbers (I 
and I0)[13]. The sloping background and the laser excess noise of the diode itself at the 
relatively low modulation frequency (a few kilohertz) limit the detectable signal. 
Another uncertainty contribution comes from spurious signals generated in the optical 
path. 
The removal of the sloping background and reduction of the laser excess noise can be 
achieved by applying additional modulation techniques; permitting routine absorption 
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measurements of better than 10-5 according to Gharavi and Buckley[12]. The additional 
modulation techniques are described below. 
2.5.2 Wavelength modulation spectroscopy (WMS) 
WMS is essentially a more sophisticated version of the direct absorption method. It 
combines the scanning of the laser frequency across the absorption line with an 
additional higher frequency modulating waveform of suitable amplitude; most typically 
a low amplitude sine wave[13]. The interaction of the modulated light with the 
absorption line leads to the generation of signals at different harmonics of the 
modulation frequency. The signal at a given harmonic can be measured with phase 
sensitive detection and is directly proportional to the absorption. The principle of WMS 
is illustrated in (Figure 2-12) below. 
 
Figure 2-12: Schematic diagram of the principle of WMS; the laser wavelength is scanned across 
the gas absorption line whilst being simultaneously modulated by a small amplitude sine wave of 
the order of several kHz. Key: PSD, phase sensitive detector. 
 
An important advantage of this technique is to shift the detection to higher frequencies, 
at which the laser excess noise (1/f noise) is reduced[34]. 
WMS was first used by Tang et al in 1974[35] in conjunction with continuous dye lasers. 
In 1980, Reid et al[36] used the technique to detect the strong ν3 band of NO2 that occurs 
at 1600cm-1; they described the modulation technique in detail and the noise 
mechanisms that limited the detectable absorption coefficients to approximately 10-7m-1. 
A thorough explanation of WMS is given in section 2.7. Only a brief description is 
given in this section. The schematic diagram of a typical experimental setup for 
generating WMS signals using diode lasers is shown in (Figure 2-13) below. 
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The laser wavelength is modulated by varying the drive current at a frequency mν  of 
several kilohertz. The modulation frequency is much less than the half width, 1
2
ν , of 
the absorption line of interest (typically several GHz). WMS can be characterised by 
1
2
/ 1
m
ν ν << . The laser wavelength is simultaneously slowly scanned across the 
absorption line at a frequency f<< mν . The resulting signal is then demodulated by a 
phase sensitive detector at the modulating frequency mν or at harmonics of this.  
 
Figure 2-13: Schematic diagram of a typical experimental setup for diode laser based WMS 
 
Detection is usually made at the first three harmonics (1f, 2f and 3f), also referred to as 
derivatives. One of the reasons for using low modulation frequencies (<10 kHz is 
typical) and detection at the lower harmonics is to take advantage of the simple and 
cheap detection circuits that are readily available in the audio frequency band. 
Most WMS implementations use the 2f signal for measuring the gas concentration 
because the noise is relatively low, the signal peaks at the absorption line centre, base 
lines are usually flat (compared to the 1f as shown in Figure 2-14) and most lock-in 
amplifiers have a 2f detection feature. Absorbance sensitivities as low as 5×10-6 have 
been achieved[28,37] (1Hz bandwidth) at kilohertz modulation frequencies. 
The strongly sloping background in the direct absorption signal (Figure 2-11), known as 
residual amplitude modulation (RAM), produces a significant D.C offset in the first 
derivative (1f) trace. The magnitude of this offset is proportional to the laser power 
incident on the detector[29]. The first derivative is therefore susceptible to fluctuations in 
the laser power. The 1f signal can be used for normalisation[34] and frequency 
stabilisation of the laser if the D.C offset is accurately known and constant. The 3f 
signal can also be used for frequency stabilisation of the laser[38] (frequency stabilisation 
techniques are discussed in detail in section 2.9). Detection at the second harmonic 
produces a significantly reduced D.C. offset and further reduces the effect of laser 
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power fluctuations. The residual D.C. offset in the second harmonic signal is related to 
nonlinearity in the power versus current curve of laser diodes[20]. In some cases this 
residual background is eliminated by electronic subtraction techniques[39]or by detecting 
at higher even harmonics[40]. However, detecting at higher harmonics offers improved 
signal to noise ratios only in cases where the loss of the signal efficiency (the signal 
decreases with increasing detection harmonic, Table 2.4) is compensated by reduced 
laser noise available at the detection frequency or less RAM induced noise at the higher 
detection harmonic[28].  
 
Figure 2-14: WMS harmonic signals obtained as the laser wavelength is tuned through the gas 
absorption line by current tuning: The 1f signal is large but has a large DC offset. The 2f signal 
peaks at the absorption line centre. The 3f signal is zero at the gas absorption line centre. The plots 
were generated from real experimental data obtained by the author. 
 
One disadvantage of WMS is the loss of information about the unabsorbed laser power. 
One solution to this problem is to use a dual beam system in which the unattenuated 
laser power is measured separately and simultaneously. Another common solution is 
calibrating the system with a known concentration of the target gas[13] or to zero it 
periodically in clean air. 
To improve on the detection limit imposed by laser excess noise, a high frequency 
modulation technique, FMS, similar in principle to WMS was developed in the early 
1980s. A brief description of the technique follows. 
2.5.3 Frequency Modulation Spectroscopy (FMS) 
In FMS the laser diode is modulated at a very high frequency mν (typically hundreds of 
megahertz[41,42]). The modulation frequency mν  is larger than the absorption half width 
frequency 1
2
ν  of the target gas. FMS is therefore characterised by 1
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The technique was pioneered by Bjorklund in 1980[43]. The advantages of this technique 
are increased detection speed and increased detection sensitivity. These result from the 
radio frequency (RF) modulation of the diode laser and hence subsequent detection in a 
region where the laser 1/f noise is negligible, so that detector-limited sensitivities of the 
order of 10-7 - 10-8 are possible[44-45].  
It has been shown that 1/f laser noise can be substantially reduced by using high 
frequency modulation techniques. With a ring dye laser, Hall et al [46] found that the 
noise level at 1 MHz is lower by 80 dB than at 10 kHz. For lead-salt diode lasers, 
similar measurements carried out by Werle et al[47] showed that the noise level 
decreased by 40 dB between 2 and 200 MHz. According to Werle et al[47], in terms of 
sensitivity, modulation techniques operated at 200 MHz should improve the SNR by 2 
orders of magnitude. This improvement is reduced to one order of magnitude when 
multipass cell are used[48]. This is probably due to interference noise signals generated 
in the multipass cells (interference effects, the focus of this project, are discussed in 
section 2.7.1. 
One may choose from among several methods of implementing FM spectroscopy using 
diode lasers, including what are known as one-tone[41] (OTFMS) and two-tone[49] 
(TTFMS) techniques. These are distinguished by, among other things, the number of 
distinct RF components that are supplied to the diode laser. OTFMS and TTFMS are 
described next. 
2.5.4 One Tone Frequency Modulation Spectroscopy (OTFMS) 
In single-tone FM spectroscopy, the laser diode frequency is modulated by a single RF 
signal, resulting in one or more sidebands separated by the modulation frequency mν . 
Mixing the detector photocurrent with a local oscillator at 
mν  and scanning the laser 
across the absorption line results in an output spectrum that exhibits positive and 
negative peaks  proportional to the original absorption line shape[50]. The signals in 
single-tone FMS have odd symmetry and, with a suitable choice of local oscillator 
phase, appear against a zero background. The complete theory of line shapes and signal-
to-noise analysis for single-tone FM in different conditions is given by Bjorklund[43]. 
The output spectrum consists of a strong carrier at cν  and two sidebands, of the same 
amplitude but 180 degrees out of phase, and displaced by the modulation frequency mν  
from the carrier[42] (Figure 2-15). When there is no absorption present, the beat signal at 
mν  between the carrier and the upper sideband exactly cancels the beat signal between 
the carrier and the lower sideband. If, however, the laser frequency is tuned over an 
absorption line, so that one of the sidebands is absorbed, the imperfect cancellation of 
the two beats produces an FMS signal. The signal can be detected at the modulation 
frequency mν through heterodyne detection
[42]
. OTFM spectroscopy is essentially a 
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differential absorption technique, thus for optimum sensitivity the modulation frequency 
must exceed the width of an absorption feature so that only one sideband is absorbed at 
a time[42]. To investigate broad spectral features, such as absorption lines broadened to 
2-3 GHz (0.067 -0.1cm-1) by atmospheric pressure, the modulation frequencies must be 
correspondingly high. Unfortunately, detectors with such bandwidths are complex to 
implement. To reduce the detection bandwidth requirement, the two-tone technique, 
described below, is employed. 
 
 
Figure 2-15: Schematic diagram showing the spectral distribution of the electric field of the laser in 
One Tone Frequency Modulation Spectroscopy. After Wang et al[42]. 
 
2.5.5 Two Tone Frequency Modulation Spectroscopy (TTFMS) 
This technique was first demonstrated by Janik et al in 1986[49] using very high 
modulation frequencies (16GHz, 0.5cm-1). Two radio frequency (RF) signals, closely 
spaced in frequency, 1mν  and 2mν , are supplied to the diode laser, and the beat tone 
between them is monitored as the laser carrier frequency is scanned through an 
absorption line. The processing of the signal occurs at the beat frequency 
1 2 1 2,m m m mν ν ν ν− <<  (Figure 2-16). 
 
Figure 2-16: Schematic diagram showing the spectral distribution of the electric field of the laser in 
Two Tone Frequency Modulation Spectroscopy. After Wang et al[42]. 
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The two-tone absorption signal arises from the difference between the absorption of the 
carrier and the sum of the absorptions of the sidebands. The signal peaks at the 
absorption line centre, and has even symmetry. 
The primary advantage is that the detector bandwidth need only be in the 1-10MHz 
range rather than >150MHz, allowing the use of relatively inexpensive detectors[50]. 
2.5.6 Brief summary of common methane detection methods 
The important points on direct spectroscopy, WMS, OTFMS and TTFMS are 
summarised in Table 2-4 below. 
Table 2-4: A brief summary of TDLAS techniques. 
DETECTION 
METHODOLOGY 
PRINCIPLE ADVANTAGES DISADVANTAGES 
Direct spectroscopy or 
Amplitude modulation 
Laser frequency 
scanned across 
absorption line, 
 
• simple to implement 
• provides absolute 
calibration compared to 
the other  TDLAS 
techniques that only 
provide relative 
absorption values 
• relatively low 
sensitivity  
• fluctuations in incident 
radiation can affect the 
measured signal 
Wavelength 
Modulation 
Spectroscopy 
Modulation at several 
kHz. Detection at 
harmonics usually 2f 
• high sensitivity. 
• Simple modulation 
and detection circuitry 
• 1/f noise in laser 
emission is significant 
• calibration required 
One Tone Frequency 
Modulation 
Spectroscopy 
R.F. modulation signal. 
Detection at R.F. 
frequencies 
• Negligible 1/f noise 
• Increased detection 
sensitivity 
• Requires complex 
modulation electronics 
and complex detector 
electronics 
• unsuitable for 
measurements at 
atmospheric pressure 
Two Tone Frequency 
Modulation 
Spectroscopy 
Modulation at two R.F. 
signals with detection 
at beat frequency   
• Negligible 1/f noise 
• Increased detection 
sensitivity 
• Reduced detection 
bandwidth 
• Requires complex 
modulation electronics 
 
A summary of the methane detection methodologies described in the previous sections 
is provided in Table 2-5 for the reader’s convenience. 
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Table 2-5: Comparison of the commonly used methane detection methodologies. 
DETECTION 
METHODOLOGY 
PRINCIPLE ADVANTAGES DISADVANTAGES 
FID • measurement of 
changes in number of 
ions generated in a 
hydrogen/air flame due 
to trace organic 
compounds 
• high sensitivity 
• high dynamic range 
•used in the range       
1-50000ppm  
 
• complex instruments 
• destroys sample 
• need hydrogen and 
stable environment for 
flame 
• non selective between 
organic compounds 
catalytic 
sensor/Pellistor 
• measures energy 
liberated on oxidation 
of  a combustible gas 
• typically used for 
%LEL and %volume 
scales 
•very suitable for 
monitoring flammable 
gases in air (used on 
LEL  scale with 5%Vol 
equal to 100%LEL 
• sensors have a long 
life 
• low sensitivity; not 
suitable for ppm scale 
• cross sensitivity to 
other flammable gases 
and vapours 
• sensor poisoning 
solid state or metal 
oxide semiconductor 
measures changes in 
electrical conductivity 
induced in 
semiconducting 
materials by adsorption 
of gases on surface 
• responds to many 
oxidisable gases  
• inexpensive  
• rugged 
• high sensitivity to 
some gases 
• poor gas selectivity 
• nonlinear response to 
gas concentration 
• sensor instability and 
irreproducibility 
NDIR • measures absorbed 
light.  
• Wavelength selection 
by filtering broadband 
light.  
• Spectral width 
typically 100nm 
• simple to implement 
• moderate cost 
• no competing 
technologies for CO2 
detection 
 
• source and detector 
subject to drift 
• cross sensitivity  
PAS • measures increase in 
pressure in PAS cell 
due to gas absorptions 
• high sensitivity 
• high dynamic range 
• sensitive to external 
acoustic noise and 
vibration 
TDLAS • Laser frequency 
scanned across 
absorption line, 
detection at 
fundamental frequency 
• high sensitivity 
• high specificity  
• fast response times 
• sensitivity limited by 
optical interference 
noise 
• sources expensive 
compared to the above 
techniques 
• limited to regions of 
the spectrum free of 
H2O and CO2 
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2.5.7 Justification for implementing WMS over other TDLAS 
techniques 
WMS and FMS are closely related techniques, which operate at different values of the 
modulating frequency and the depth of modulation[51]. FM techniques avoid the excess 
noise of diode lasers by modulation of the diode lasers beyond the excess noise region, 
so theoretically a sensitivity limited by shot noise can be achieved, but the FM 
technique is complex to apply and is expensive. 
In their experimental comparison of the modulation techniques using lead salt lasers 
Bomse et al[28] found that both OTFMS and TTFMS gave relatively poor results due to 
inefficient coupling of the very high frequency modulation waveform to the laser 
current. In 1992 Pavone and Inguscio[52] compared experimental WMS and FMS using 
an AlGaAs diode laser. They came to the conclusion that the advantage of using FMS 
was less pronounced because semiconductor lasers exhibit less excess noise compared 
to dye laser that were used in early studies. 
Several other studies have concluded that, under ideal conditions, better ultimate 
sensitivity for absorption detection is obtained in the FMS regime than in the WMS 
regime[42]; however, in practice the sensitivity is expected to be limited mainly by 
optical interference effects (covered in detail in section 2.7.1) which are comparable in 
both cases[53]. In most practical applications, the question of ultimate sensitivity may be 
irrelevant until these spurious signals that limit the detection sensitivity are resolved. 
The purpose of this project is to make a contribution in this area. 
Some studies have implemented high frequency (hundreds of kilohertz) WMS 
(HFWMS) to take advantage of the benefits offered by both WMS and FMS. HFWMS, 
in which the modulation frequency is less than but approaching the value of the 
absorption linewidth, can have the same sensitivity as OTFMS or TTFMS but with 
fewer operational complications[50]. Wavelength modulation detection using commercial 
lock-in amplifiers or discrete components is easy to implement. It avoids the impedance 
matching difficulties and RF leakage problems associated with the FMS techniques. 
In this project, WMS with 2f detection has been chosen because of lower cost and ease 
of implementation. This makes WMS the most likely technique for commercialisation. 
It offers the sensitivity targeted by the project without the technical challenges 
encountered in implementing FMS techniques. The background methane concentration 
is approximately 2ppm; therefore for most applications there is no need to have an 
instrument with sensitivity better than the background concentration. In addition WMS 
has been used in trace gas detection for many years; as a result there is an abundance of 
reference literature. As both WMS and FMS are known to suffer from interference 
fringes, it is prudent to implement the simplest of these techniques to investigate 
potential methods of reducing such fringes. WMS is the subject of the following 
sections. 
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2.6 Wavelength Modulation Spectroscopy 
In the following sections a detailed theoretical description of WMS is given, and some 
of the common problems in practical implementation of WMS are also discussed. 
2.6.1 Theoretical description of WMS 
The theoretical description of WMS below is based on the assumption that modulating 
the laser diode current gives rise to pure frequency modulation (FM, Figure 2-17(b)). In 
reality, the output intensity of the laser is also modulated (Figure 2-17(a)). The intensity 
modulation (IM) is an undesirable side effect in WMS and is ignored in the following 
description. 
 
Figure 2-17: Illustration of (a) intensity modulation IM and (b) frequency FM effects on WMS 
signals. After Iseki[54]. 
 
Jin et al[55] have shown that the light intensity after passing through the gas cell is 
approximately given by (see Appendix A for the detail) 
 0 0( ) [1 sin ( sin ) ]mP t P t t CLη ω α ν ν ω= + − +  (2-11) 
by making two assumptions; 
• ( ) 1CLα ν << , justified by the fact that in most practical situations the 
concentration of the gas being measured is small 
• 1η << , usually the residual intensity modulation is also small 
where 0P  and 0 0( / )cν λ= represent, respectively, the average laser output power and the 
average laser carrier frequency. mν  is the amplitude of the frequency modulation and 
η is an intensity modulation index. 
Under atmospheric pressure, the gas absorption line is collision broadened and the line 
shape is given by a Lorentzian distribution, i.e. 
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α ν
ν ν
δν
=
− 
+  
 
 (2-12) 
where 0α  is the absorption coefficient at lineν  corresponding to the centre of the 
absorption line (maximum absorption) and δν is the half-width at half-maximum 
(HWHM) of the absorption line. The Lorentzian distribution is plotted in Figure 2-18 
below. 
 
Figure 2-18: Theoretical Lorentzian distribution gas absorption line. The graph was plotted by 
substituting the following values in equation (2-16): 0α = 0.38cm-1atm-1 (1atm=1.013×105Pa); 
δν =2GHz (0.067cm-1); ν line=1650nm (6061cm-1). 
 
The signal intensity is given by[28] (see appendix A for details).  
 
0
0 2
0
( ) 1 sin
sin1 m
CLP t P t
t
αη ω
ν ν ν ω
δν
 
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= + −
 
− + 
+  
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 (2-13) 
If the average frequency of the laser diode is locked to the centre of the absorption line  
using frequency stabilisation locking techniques (covered in section 2.8)[15, 56], we have 
0ν ν= and ( )P t  may be written as 
 
0
0 2 2( ) 1 sin 1 sin
CLP t P t
x t
αη ω
ω
 
= + − + 
 (2-14) 
where /mx ν δν= is known as the modulation index. The magnitudes of the first ( 1P ) 
and second harmonic ( 2P ) Fourier components of this equation were calculated by Jin et 
al[55]. These are presented below 
 1 0P AI η=  (2-15) 
 2 0 02P Ak CLIα= −  (2-16) 
where A (collection efficiency) accounts for losses in the system and k is given by 
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The value of x can be tuned to maximise the second-harmonic signal. The maximum 
occurs when 0k
x
∂
=∂ , which gives a value of approximately 2.2. Under this optimal 
condition, k =0.343 (Figure 2-19). 
 
 
Figure 2-19: Plot of the value of k in equation 2-17 versus the modulation index x. The maximum 2f 
signal occurs when x= 2.2 giving k=0.343. For the ratio method the corresponding values are 
x=0.93and k=0.243. 
 
In systems where the collection efficiency or the initial laser power can change, the ratio 
of P2 to P1 is utilised as the output of the sensor to removed the dependency on I0 and 
A[57],[58] 
 
2
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2P k CL
P
α
η
−
=  (2-18) 
To achieve the best sensitivity with the ratio detection, x  is tuned to maximise the ratio 
P2/P1 rather than P2. For the ratio-detection method the optimum modulation index, x, is 
0.93 and the corresponding value of k is 0.243[55,58,59].  
Optimum values of the modulation index and corresponding peak heights for the 
Lorentzian profile as computed by Silver[50] are shown in Table 2-6 below. 
The important conclusion from the above analysis is that the signal strength depends on 
the modulation index and that there is an optimum modulation index for maximum and 
minimum signal. 
The main drawback of the WMS technique is that the detection limit is frequently 
limited by various background signals[20,59]. These were briefly mentioned in section 
2.6.2, and include residual amplitude modulation, non-linearity in the laser wavelength 
Modulation index, x 
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versus current tuning characteristics and interference fringes. These are discussed in 
more detail in the following sections. 
 
Table 2-6: Computed peak heights and optimal modulation indices for WMS. After Silver[50]. 
HARMONIC MODULATION INDEX PEAK 
1 2.0 0.509 
2 2.2 0.345 
4 3.9 0.179 
6 7.4 0.146 
 
2.6.2 Residual amplitude modulation (RAM) 
In Figure 2-17, it was illustrated that modulation of the injection current in a 
semiconductor laser produces a combined frequency modulation (FM) and intensity 
modulation (IM) of the emitted light, with a phase difference between the two 
modulations. A change in the injection current gives rise to a change in carrier density. 
The carrier density is related to the number of photons and therefore output intensity. A 
change in the carrier density leads to a change in the effective refractive index and 
therefore laser emission frequency. However, for laser diodes modulated at frequencies 
less than 10MHz, the current/frequency transfer function is dominated by thermal 
effects (i.e. refractive index change and therefore laser emission frequency caused by 
current heating) rather than carrier effects (chapter 5 in ref 70). The thermal effect time 
constant gives rise to the IM-FM phase shift. 
 Some investigations of theoretical models of WMS only treated pure FM and ignored 
the associated IM[51,60]. Phillipe and Hanson[61] proposed the first model to take into 
account simultaneous FM and IM in 1993. The IM–FM phase shift depends on the laser 
structure and modulation frequency, but typical values in DFB lasers decrease from 0 
degrees at low frequencies (where thermal effects are dominating) to -180 degrees at 
high frequencies (where carrier effects dominate)[62].  
In WMS, the detected signals are mainly due to the FM of the laser emission, whereas 
IM, often referred as RAM in the literature is an unwanted effect that distorts the 
signals. This distortion also depends on the IM–FM phase shift, so that this parameter 
should be known precisely for a detailed and accurate description of the WMS 
signals[34]. The IM–FM phase shift can be determined experimentally[34], but for 
completeness a theoretical description of WMS that includes the IM–FM phase shift is 
given in Appendix B. 
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Johnstone et al[63] proposed a very simple but apparently effective technique of 
eliminating the RAM signal. The lock-in amplifier detection phase was set to null the 
RAM signal using the experimentally determined FM-IM phase shift (Figure 2-20). 
This technique can only be implemented with dual phase lock-in amplifiers. 
 
 
Figure 2-20: “Phasor diagrams showing the lock-in amplifier detection phase set to a) maximise 
RAM on the X output, b) maximise the resultant of the RAM and the gas signal on the X output, C) 
detect only the sinθ component of the gas signal on the Y output with the RAM signal nulled on the 
Y axis (maximised on the X)”. After Johnstone et al[63]. 
2.6.3 Background signal from nonlinearity in the laser power 
versus current curve 
It was mentioned in section 2.5.2 that the second harmonic signal has an offset due to 
nonlinearities in the laser power versus current curve. Cassidy et al[20] and Schilt et al[34] 
observed that this second harmonic background signal increased at higher modulation 
depth. This is consistent with the fact that nonlinearity of the power versus current curve 
of the laser diode is more appreciable at the increased modulation depth, as the laser 
current has to be tuned over a wider range. This also explains why the residual D.C 
offset of the 2f signal (which is due to the nonlinearity in the wavelength versus current 
curve of the laser) in is larger in studies at atmospheric pressure, where the absorption 
lines are broadened (the required modulation depth is large, several GHz). 
2.7 Noise sources and detection limits  
Tunability, low cost, simplicity, and continuous wave operation at room temperature 
have made diode lasers widely used in laser absorption spectroscopy for trace species 
detection. Despite these advantages, the practical implementation of WMS using diode 
lasers is limited by detector noise, laser excess noise, laser sensitivity to optical 
feedback, injection current fluctuations, and optical interference fringes. These 
limitations are discussed in more detail in the following subsections. Injection current 
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fluctuations can be reduced by using low noise current sources, temperature 
stabilisation and frequency stabilisation techniques. 
Sensitivity of the detection system is determined by the minimum detectable signal that 
is distinguishable from noise or other unwanted signals appearing at the output of the 
detection system[13]. It is often defined in terms of the minimum absorbed power, 
corresponding to unity signal to noise ratio (S/N=1). The signal S is the average 
electrical signal corresponding to the absorbed power PAP and is given by 
 /AP oS Qge P hη υ=   (2-19) 
where g and η are the detector gain and quantum efficiency respectively; e is the 
electronic charge; and Q, a multiplication factor equal to 1 for amplitude modulation 
techniques and to less than 1 for wavelength modulation techniques[13]. 
2.7.1 Interference fringes in WMS 
Many practical implementations of WMS have shown that the detection sensitivity is 
limited by interference fringes and not by the theoretical limit given by detector 
noise[64]. 
The interference fringes stem from Fabry-Perot etalons between reflecting or scattering 
surfaces such as mirrors, lenses, optical fibre end faces, detector and laser head 
windows, semiconductor surfaces, and components of multipass cells[13]. The 
background signals from the etalon effects depend on the reflectivity of the surfaces, the 
path difference of the etalon, the angle of incidence, the centre frequency around which 
the laser light is modulated, the modulation amplitude, and the mode of detection[59]. 
The etalons often exhibit a free spectral range similar to the linewidth of the absorbing 
species and appear as periodic spectral features with sufficient amplitude to obscure 
weak absorption signals[65]. Bomse et al[28] suggested that gas cell windows are often 
the worst culprits. Figure 2-21 below illustrates the formation of interference fringes in 
a gas cell and their influence on direct spectroscopy. Figure 2-22 shows the effects of 
interference fringes on WMS signals. 
Experiments using DFB diode lasers are particularly prone to interference fringes 
because the narrow laser linewidths (tens of megahertz) translate into long coherence 
lengths (tens of metres). The fringe spacing, ν∆  or FSR (free spectral range), 
corresponding to an etalon thickness l  is given by 
 
2
c
nl
ν∆ =   (2-20) 
where c is the free space speed of light and n  is the refractive index of the etalon. For 
example, an etalon formed between the windows of a gas cell with a typical length of 
10cm will give rise to fringes with a spacing of approximately 1GHz (0.033cm-1). This 
is comparable to pressure broadened gas absorption linewidths. For methane at 
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atmospheric pressure the worst etalon spacing would be 5cm or 2GHz; the width of the 
absorption line. 
 
Figure 2-21: Illustration of formation of interference fringes in direct absorption spectroscopy: 
reflections from laser windows, detector windows, lenses, and gas cell windows can lead to the 
formation of interference fringes. (a) Gas absorption signal and interference fringe signal from an 
etalon created between two windows; (b) gas absorption signal and interference fringe signal from 
an etalon created between the two faces of one window. 
 
 
Figure 2-22: Illustration of the principle of WMS and effect of interference fringes on WMS signals. 
(a) Harmonic signals generated in the absence of interference fringes. (b) Harmonic signals 
distorted by interference fringes. 
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An early quantitative analysis of the effects of interference fringes on detection 
sensitivity was carried out by Reid et al in 1978[29]. In their study, the authors estimated 
that they could improve the detection sensitivity by at least a factor of 5 if they could 
eliminate the fringe signal.  
Design techniques to reduce etalon formation include the use of reflective optics to 
avoid on-axis scattering from lenses, wedging and angling of all windows, antireflection 
coating of windows and lens surfaces, and angle polishing optical fibre ends. 
In the following paragraphs a number of techniques that have been employed to reduce 
the effects of interference fringes by previous workers are discussed.  
In some studies, the background signal is taken to be constant and electronic subtraction 
techniques are used to eliminate the fringe signal[34,39]. These techniques rely on 
subtracting a reference signal (this is usually taken in clean air simultaneously over a 
separate path that is closely matched to the main signal path) from the main signal to 
remove signals that are common to both arms. However, in practice it is difficult to 
match exactly the signal and reference paths. In their study Cassidy and Reid[20] found 
that the background signal was not reproducible and therefore could not be used as a 
baseline from which to make reliable measurements. They suggested that it was more 
effective to detect at higher harmonics as the background signal decreases faster with 
harmonic order than the harmonic signal efficiency (Table 2-6 lists the relative 
magnitude of the peak signal for the 1st, 2nd, 4th and 6th harmonics). 
Interference fringe noise can not be eliminated by simple subtraction of a reference 
signal taken in clean air because thermal and mechanical instabilities of the optical 
system will modify the etalon fringe with time.  
Reid et al[36] used a jitter method to reduce fringe amplitude. They used, in addition to 
the normal modulating current, a second modulating wave at frequencies not 
harmonically related to the basic modulation frequency to sweep the laser wavelength 
over several fringe periods. When the frequency swing precisely matches the FSR, the 
integrated signal goes to zero, thus eliminating the fringe signal. However, this 
averaging also decreases the absorption signal and can not be used for fringes with FSR 
similar to absorption linewidth. 
Iguchi[66] and Sano et al[67] have suggested alternative modulation waveforms after 
finding that the waveform of the modulating signal affects the relative magnitude of the 
absorption signal and etalon fringes. Iguchi[66] found that a triangular waveform 
generally gave a larger 2f signal amplitude and a better suppression of a fine pitch 
etalon fringe signal, compared to the use of a sine wave. This approach appears to be 
advantageous, as it does not involve the use of an additional modulation waveform or 
dithering of optical components, or a precise knowledge of the FSR. 
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Both the jitter and waveform selection methods are efficient in suppressing etalons with 
etalon spacing either much larger or smaller than the molecular linewidth. However, for 
fringes comparable to the linewidth, they are inefficient and tend to reduce the signal[13]. 
Another limitation is that the specific implementation depends on the laser tuning 
characteristics which vary from one laser to another[64]. 
Mechanical methods of averaging out the fringes by oscillating the path length with an 
external device have also been proposed. Bomse et al [28] suppressed all etalon 
frequencies including those having widths comparable to the absorption signal by using 
longitudinal dithering of optical elements. They attached piezoelectric transducers to the 
mirrors of a Herriott cell used in the study. Webster[68] utilised a Brewster-plate spoiler 
to suppress optical fringes by a factor of 30 in a single pass absorption experiment. An 
angular oscillation was applied to a transmitting plate (tilted at Brewster angle) inserted 
within the offending etalon to vary its effective optical path. Suppression of the fringes 
due to averaging occurs when the optical path change is greater than the FSR (as given 
by equation (2-44)) of the fringes. The effectiveness of the Brewster spoiler depends on 
closely matching the transmission, refractive index and tilt[71]. Transmission losses and 
alignment difficulties may make this method unsuitable for most multipass cells[71].  
Silver and Stanton[64] used an oscillating mirror driven by a piezoelectric transducer 
asynchronously to the modulation frequency. The mirror was placed within or bounding 
the interference fringe region. The amplitude of oscillation along the optical axis was 
adjusted to obtain a change in path length greater than λ/4 or half the fringe separation, 
resulting in effective fringe averaging. Chou et al[69] claimed to have achieved a 20-fold 
reduction in fringe amplitude by using a mirror mounted on a speaker driven at audio 
frequencies. The advantage of the mirror over the Brewster plate is that a broader range 
of wavelengths can be used if the mirror is broadband AR coated and there are no 
transmission losses. 
Electronic or digital filtering can be applied post-detection where the signal and 
interference spectra are distinguishable in the frequency domain. Cappelani et al used 
Fourier transform digital filtering to remove interference spectra. Cooper and Carlisle[44] 
used electronic low pass filtering combined with rapid laser scanning, which they 
demonstrated to be effective in removing high-frequency fringes. In systems employing 
high frequency modulation, a high pass filter is used to reject low-frequency noise, 
fluctuations, and interference fringes[13]. 
It has been claimed that in general, etalon suppression techniques reduce unwanted 
fringes approximately 100-fold[28] compared to the main signal. It is difficult to compare 
the effectiveness of the different techniques described above because they have been 
used in experiments using different lasers (with different coherence lengths) and 
different experimental setups. These fringe-reduction techniques do not actually 
eliminate the etalons; they vary the etalon spacing in a time-dependent manner so that 
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fringes average to zero or, in the Cooper and Carlisle example, the demodulated signal 
is processed to remove the etalon contribution[28]. 
In summary, the efforts described above to reduce the effects of interference signals fall 
into three broad categories. In the first group of approaches, a frequency jitter is applied 
to the laser diode and the signal is integrated. In the second group, the fringe spacing is 
mechanically modulated and the resultant signal is integrated to average zero, or to 
minimise the contribution of the fringes to the absorption signal. While effective, this 
approach limits the detection bandwidth because of the mechanical motion and signal 
integration required and adds to system complexity. The techniques also require prior 
knowledge of the FSR. The third group involves post detection filtering; electronic 
filtering techniques are not useful in cases where the fringe spacing is too close in 
frequency to the spectral feature of interest. 
This project aims to investigate a novel method of removing interference fringes that 
does not have the disadvantages of the above techniques. 
2.7.2 Optical feedback to the DFB laser 
Numerous studies have investigated both the detrimental and beneficial effects of 
optical feedback on the operation of semiconductor lasers; linewidth narrowing and 
broadening[70], reduction of laser chirp[70], mode hopping[71], oscillation frequency 
shift[70,72], coherence collapse and intensity noise degradation[73].  
For GaAs semiconductor lasers, a 3% feedback of the emission power has been shown 
to affect significantly the current and voltage across the laser junction, as well as 
causing changes in the output power[74]. One possible cause for the generation of excess 
noise is given by so-called mode competition theory[75]. A resonating mode (e.g. in the 
laser cavity) is significantly influenced by the fluctuation of neighbouring modes (e.g. 
caused by feedback external to the cavity) due to a strong coupling effect, leading to 
fluctuation of the spontaneous emission. In the presence of optical feedback, so-called 
external cavity modes are built up, whose frequencies are determined by a standing 
wave between the reflecting point and the laser facet[75]. This external mode interacts 
with the resonating mode; this is what gives rise to the laser excess noise according to 
the mode competition theory. 
A recent study of optical feedback noise in TDLAS has reported degradation of the 
shape and extensive broadening of the absorption spectra due to lasing longitudinal 
mode instability and coherence collapse in the laser diode respectively[76]. These effects 
were observed in the presence of relatively strong optical feedback. However, in a 
practical TDLS system, the amount of backscattered or back reflected light that is 
unintentionally coupled into the source is likely to be weak, because of the use of AR 
coated optics, off axis parabolic mirrors, angle polished fibres and isolators. This is also 
the case for the use of diffusely scattering surfaces in TDLS[77]; for example in laser 
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pointer style gas sensors where the light is backscattered from the topography[78-80] and 
the use of integrating spheres (see refs[81,82]) where the source can be directly mounted 
onto the sphere. 
If a fraction of light backscattered or back reflected from optical components or a 
remote target is coupled into the laser cavity, both the amplitude and frequency of the 
lasing field may be modulated[83]. Periodic signals will be generated by relative motion 
between the laser and the remote target or tuning the laser by ramping the injection 
current or operational temperature. The signals display similar properties to those 
generated by a Fabry-Perot etalon[84]. In fact, this phenomenon is employed in so-called 
self-mixing or induced modulation interferometry, in which the laser source acts as a 
sensitive detector for distance, velocity and displacements measurements[83]. 
In so called self-mixing interferometry the light back reflected or backscattered by a 
remote target is deliberately coupled back into the laser cavity[83]. This causes 
interference with light already present in the cavity, resulting in a modulation of both 
the amplitude and the frequency of the emitted light. 
 
 
Figure 2-23: Schematic diagram of a conventional self-mixing configuration employing a laser 
diode. After Giuliani et al[83]. 
 
The power emitted by a laser diode with very low feedback (<0.05%)[76] is given by 
 0( ) [1 ( )]P P m Fφ φ= +   (2-21) 
 
where P0 is the power emitted without feedback, m the modulation index and ( )F φ  is a 
periodic (2pi) function ofφ [83]. The phase φ  is given by 
 4 /sφ pi λ=   (2-22) 
 
where s is the distance to the external reflector or diffuser[83]. The modulation index m 
and the form of ( )F φ depend on a characteristic parameter Y, which is a measure of the 
relative strength of the optical feedback[83,85] 
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where α is the linewidth enhancement factor, Llas is the cavity length and nlas is the 
cavity refractive index. k is given by  
 
2
2
1 Rk
A R
ε −
=   (2-24) 
 
where ε (<< 1) accounts for a mismatch between the reflected and the lasing modes, A 
is the total optical power attenuation in the external cavity and R2 is the reflectivity of 
the laser output facet (see Figure 2-23). The Y parameter therefore depends on both 
target reflectivity and distance s. Giuliani et al[83] have used the Y parameter to 
distinguish between different feedback regimes as follows: 
Table 2-7: Classification of different feedback regimes based on the feedback parameter Y (After 
Giuliani[83]) 
VALUE 
OF Y 
FEEDBACK 
REGIME 
EFFECT ON ( )F φ  EFFECT ON 
MODULATION INDEX m 
Y << 1 very weak  is a cosine proportional to 1/ A  
0.1 < Y < 
1 
weak  distorted, non symmetric proportional to 1/ A  
1 < Y < 
4.6 
moderate  bistable 
(2 stable and 1 unstable state) 
interferometric signal becomes saw-
tooth like and exhibits hysteresis 
increases for decreasing A  
but no longer inversely 
proportional 
Y > 4.6 strong  Some laser diodes suffer mode hopping or even coherence collapse. 
interferometric measurement are no longer possible 
 
Optical feedback external to the laser must be avoided in high resolution spectroscopy. 
If the laser is multimoding, then cross sensitivity to other absorption lines in the vicinity 
may occur. Sufficient broadening of the laser linewidth can occur such that the gas 
absorption line can not be resolved. In addition, the output power fluctuations due to 
optical feedback can give misleading gas absorption measurements. 
In general, the use of reflecting optics, proper alignment (or misalignment) of optical 
components, and the use of optical isolators and apertures can reduce the problem, 
although a reduction in laser power can result. 
2.7.3 Laser excess noise 
The sensitivity of TDLAS measurements is often limited by fluctuations in laser power, 
particularly when relatively high laser power and low modulation frequencies are 
employed[13]. The power fluctuations, usually referred to as laser excess noise, are either 
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due to the inherent behaviour of the laser diode or to external effects such as injection 
current noise, temperature instabilities and optical feedback. 
Intrinsic laser noise is produced by photon and carrier density fluctuation, refractive 
index fluctuation, and partition noise resulting from mode competition in multimode 
lasers[86]. It depends greatly on the manufacturing process and design of the laser and on 
the operating current and temperature[13]. 
Laser excess noise due to injection current and temperature instabilities can be 
minimised by using either battery powered or highly stabilised current sources together 
with temperature stabilisation, and by line locking the laser to an absorption feature 
with a low noise control loop[13]. 
The rms current iex at the detector, caused by laser excess noise, can be expressed as 
 
1
2( / )( / )bex exi e P h B fη υ=  (2-25) 
where B defines the frequency dependence of the laser excess noise and ranges between 
0.8 and 1.5, and Pex defines the magnitude of the laser power fluctuations at 1Hz in a 
1-Hz bandwidth; Pex is approximately proportional to laser power and depends on the 
intrinsic noise of the diode laser and on the external effects of the particular measuring 
system[13]. According to Schiff et al[13] careful system design and laser diode selection 
can limit Pex to fractions of 10-4-10-5 of the laser power, P. 
The amount of optical noise present in an optical source is described by a parameter 
known as the relative-intensity-noise, RIN[71]. RIN is defined as the ratio of the mean-
square noise power to the mean power squared.  
 
2
2
P
RIN
P
δ
=  (2-26) 
To measure RIN the optical power is converted to a current after the receiving 
photodiode and the noise of this photocurrent may be easily measured with a spectrum 
analyser[71]. This procedure is correct as long as no additional noise is added in the 
receiver. 
According to Alexander[87], the expression for RIN in terms of the measured current can 
be given by 
 
2 2( ) ( ) /n pRIN i iω ω=  (2-27) 
where in2(ω) is the measured current-noise power spectral density in amps2/Hz that is 
associated with the average DC photocurrent ip. RIN has units of inverse frequency and 
can also be expressed in decibels per hertz as 
 
2 2( ) [10 log( ( ) / )] /n pRIN i i dB Hzω ω=  (2-28) 
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2.7.4 Detector noise 
The principal components of detector noise are Johnson (or thermal ) noise, shot noise, 
and 1/f noise[88]. Figure 2-24 below shows a simple detector noise model that includes 
the principal noise sources in a detector.  
 
Figure 2-24: Detector noise model. 
 
Thermal noise is due to random fluctuations of the electronic charges and is present in 
all resistive components of the detection system including the preamplifier. The thermal 
noise current of the detection system, iT, is given by  
 
1
2(4 / )Ti kTB R=  (2-29) 
where k is the Boltzmann’s constant; T, the temperature; B, the detection bandwidth; 
and R, the component resistance[13]. Johnson noise depends on temperature and the 
detection bandwidth but not on the frequency of the light intensity or the detection 
frequency (therefore referred to as “white noise”). 
Shot noise is due to the random arrival times of photons. The rms (root mean square) 
shot noise current is given by 
 
12 2(2 / )Si e BP hη υ=  (2-30) 
where P is the transmitted power and hυ is the photon energy[13]. Shot noise is 
independent of modulation frequency but is proportional to the square root of the laser 
power and of the detection bandwidth. 
Detector 1/f noise is thought to be caused by potential barriers in semiconductors and 
semiconductor contacts and depends greatly on manufacturing procedures, particularly 
with respect to contacts and surfaces[13]. The general expression of 1/f noise takes the 
form: 
 
1
2
1/ ( / ) ( / )fi B f e P hη υ=  (2-31) 
The total detector noise is totali is given by 
 
2 2 2 2
1/total T S fi i i i= + +  (2-32) 
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The three noise sources depend linearly on the square root of the detection bandwidth. 
The bandwidth and therefore the noise can be reduced by filtering or signal integration. 
However this has to be balanced against the resulting increase in system response time. 
2.7.5 Detection limit estimation 
The sensitivity of a WMS system can be defined in terms of the minimum detectable 
absorption (a=PAP /P0) for a signal to noise ratio, S/N, equal to 1[13]. The general 
expression of the total rms noise current iN is obtained by taking the square root of the 
quadrature summation of the noise contributions from detector Johnson noise, detector 
shot noise, detector 1/f noise and laser excess noise. The assumption is that the 
interference fringes have been reduced to a negligible level. 
According to Schiff et al[13], under shot noise limited conditions, the minimum 
detectable absorbance amin is given by 
 
1
2
min 0(2 / )a Bh Pυ η=  (2-33) 
and the minimum detectable absorption for atmospheric measurements at frequencies 
below 200 kHz utilising the 2f detection technique can be approximated as 
 
1
2
min 0( / )( / )exa P P B f=  (2-34) 
where the terms have been defined in equation (2-59). This is based on the assumption 
that the detection limit is determined by the 1/f noise. 
The 2f signal is much smaller than the 1f signal when the concentration-path length 
product (or optical depth) of methane is small. The noise current on the photo detector 
can be assumed to be white noise below 2f = 12kHz, therefore only the 2f component is 
taken into account for estimating the detection limit[80]. According to Iseki et al[80] the 2f 
signal current is given by  
 
0
2
dc
s
sP k CLI α=  (2-35) 
where Is is the rms of the 2f signal current (in Amperes) and s is the responsivity of the 
detector (AW-1). The noise current is given by[80] 
 ( )( )2 2( ) 2 ( ) 4 /N dc dc dark shI s RIN P e sP I k T R B= + + +  (2-36) 
where IN is the rms of the 2f noise current (in Amperes), e is the charge of an electron 
(in coulombs), RIN is the related intensity noise of the laser (Hz−1), Idark is the detector 
dark current (in amperes), Rsh is the detector parallel resistance (in ohms) and B is the 
bandwidth (in Hertz). If we define the detection limit, CLlimit , as the range-integrated 
concentration for which the signal-to-noise ratio (SNR) equals unity, CLlimit is given 
by[80] 
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1
2
lim 2
0
2 /1
2 ( )
dark B sh
it
dc dc
eI k T RRIN eCL B
k sP sPα
  +
= + +  
  
 (2-37) 
The theoretical detection limit is plotted in Figure 2-25 below for various limiting 
factors. 
 
Figure 2-25: Theoretical detection limit versus the received laser power. The following values were 
used in calculations: α0=0.38atm-1cm-1, RIN=10-12Hz-1 (typical figure for DFB lasers), k=0.343, 
detector sensitivity PD=1.1AW-1, detector dark current Idark=100nA, detector temperature 300K, 
detector parallel resistance Rshunt=500kΩ and B=5Hz. 
 
For a RIN of RIN=10-12Hz-1, (typical figure for DFB lasers), the ultimate detection limit 
for 10cm path will be approximately 2ppm which is the target sensitivity identified in 
chapter 1. Above 10µW the power level has little impact on the signal to noise ratio. 
2.8 Wavelength stabilisation 
The instantaneous lasing frequency of the laser diode depends on its operating current 
and temperature. The temperature coefficient of the wavelength shift of peak emission 
of DFB lasers is determined by the refractive index variation with temperature as well 
as by expansion/contraction of the feedback grating and is typically 0.1nm/°C (or 
11GHz (0.4cm-1)/°C at 1650nm). The current dependency is typically 0.01nm/mA 
(1GHz/mA). Noise on the supply current to the laser and ambient temperature drifts will 
result in fluctuations in the laser operating frequency. Considering that the FWHM of 
the 32ν  absorption band of methane is approximately 4GHz (0.133cm-1), to achieve 
high resolution spectroscopy it is vital that the laser frequency is stabilised so that the 
residual frequency jitter is much less than the absorption line FWHM.  
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In practical use, semiconductor lasers are temperature-stabilised by using peltier-electric 
coolers. To stabilise the oscillation frequency of the laser diode, it is necessary to 
compare the centre frequencies of the laser to a frequency reference. To date, several 
frequency stabilisation schemes for semiconductor lasers have been proposed involving 
the use of; Fabry-Perot interferometers[89], molecular absorption lines[56,90,91] and 
controlling the operating voltage[92]. 
Using Fabry-Perot interferometers achieves higher short term stabilities than simply 
using temperature and current controllers; however, long term stabilities are hard to 
attain, due to long-term cavity length fluctuations caused by temperature effects, unless 
the interferometer itself is stabilised with a gas laser[93]. A frequency lock employing 
atomic or molecular absorptions lines is more suitable than one using a Fabry-Perot 
etalon for maintaining the long term stability of the error signal[56]. A typical 
arrangement for frequency locking using molecular absorption lines is shown in Figure 
2-26. In this case, the gas used to provide the frequency lock is identical to the 
measurement target gas, ensuring correspondence between the locked wavelength and 
the absorption line of interest. 
 
Figure 2-26: Atypical arrangement for frequency stabilisation using a gas molecular line. Key: ES, 
error signal; CV, correction voltage; BS, beam splitter; P+I+D, proportional + integral + derivative 
In such schemes it is common to use the 1f or 3f signal from the lock-in amplifier as the 
error signal for locking to the peak of the 2f signal.  
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Figure 2-27: Plots of harmonic signals; 1f, 2f and 3f. Odd harmonics are zero at the line centre and 
even harmonics peak at the line centre. 
 
The advantage of using the 1f component over the 3f component is that the 1f function 
is available on all lock-in amplifiers whilst the 3f is only available on the more 
sophisticated digital models. Using the 1f signal requires the DC offset to be stable. The 
DC offset can also be nulled by using the technique proposed by Johnstone et al[63] (see 
Figure 2-20). This requirement is not necessary if 3f lock is employed. This is because 
the 3f signal is zero at the line centre (Figure 2-27). If the laser frequency deviates from 
the line centre, the 3f signal or 1f with DC offset removed is non-zero (positive or 
negative). The 3f or 1f signal therefore provides the error signal as long as the error 
excursions are within a restricted region in the vicinity of the zero crossing. The 
feedback control (usually PID) circuit uses this error signal to supply a voltage to the 
laser driver to reduce the error (3f) signal to zero. This has the desired effect of locking 
the laser frequency to the peak of the absorption line centre.  
In a less common implementation, the 2f signal can be used to provide the error signal 
for locking to the peak of the 1f signal. The laser is locked to the zero crossing of the 2f 
signal at the inflection points (point (a) in Figure 2-27). This corresponds to the peak of 
the 1f signal. The advantage of 1f detection with 2f lock is that it can be implemented 
with cheap lock-in amplifiers (i.e. no 3f or dual phase lock capability). The 
disadvantages of 1f detection have been outlined in section 2.5.2. 
The next paragraph presents the frequency stabilities achieved using molecular 
absorption lines by previous workers (summarised in Table 2-8 below). 
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2.8.1 Brief summary of the frequency stabilities achieved using 
molecular absorption lines by previous workers  
Bowring et al[56] reduced the frequency jitter of a 780nm GaAlAs laser diode from 
80MHz to 0.8MHz by locking to acetylene absorption lines. Yanagawa et al[94] 
stabilised the frequency of 1.5µm InGaAsP DFB laser to NH3 absorption lines. They 
reduced a frequency drift of about 100MHz under free running conditions to less than 
2MHz. Sudo et al[91] reduced a peak to peak fluctuation of an InGaAsP DFB laser of 
about 200MHz to less than 500kHz by locking to the molecular absorption line of C2H2. 
Table 2-8: Performance of frequency stabilisation schemes based on locking the laser frequency to 
a gas molecular absorption line 
WORKERS LASER 
USED 
GAS LINE 
USED 
FREE RUNNING 
STATE JITTER 
FREQUENCY 
STABILISED 
JITTER 
Bowring et 
al[56] 
780nm 
GaAlAs 
Acetylene 80MHz 0.8MHz 
Yanagawa et 
al[94] 
1.5µm 
InGaAsP 
DFB 
Ammonia 
NH3 
100MHz <2MHz 
Sudo et al[91] InGaAsP 
DFB laser 
Acetylene 
C2H2 
200MHz 500kHz 
 
This level of stability (hundreds of kHz to several MHz) will be used as a bench mark 
for the frequency locking system to be developed. For example, a frequency stabilised 
jitter of 1MHz is approximately 3 orders of magnitude smaller than the HWHM of a 
Lorentzian linewidth. In this project, the 3f lock technique using a methane absorption 
line is employed. The 3f lock has been chosen over the 1f lock because it allows the 
flexibility of experimenting with various levels of incident power without the need to 
adjust the set point in the PID loop or having to null the offset using the method 
established by Johnstone et al[63] every time electronic equipment is changed.  
Using a frequency reference that is the same as the gas that is being detected has the 
added advantage of ensuring absolute wavelength calibration. 
2.9 Summary 
In this chapter, non optical and optical techniques that are commonly used for methane 
detection have been reviewed. A summary of the different techniques is presented in 
Table 2-5. The advantages of TDLAS techniques include; fast response times, high 
sensitivity, high target gas sensitivity and instrumentation portability. Different TDLAS 
schemes were considered in section 2.5 and compared in Table 2-6.  
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This project has opted to implement the WMS technique with 2f signal demodulation 
because of lower cost and ease of implementation. This decision was justified in section 
2.5.7. WMS offers the sensitivity targeted by the project without the technical 
challenges encountered in implementing FMS techniques. As both WMS and FMS are 
known to suffer from interference fringes, it is prudent to implement the simplest of 
these techniques to investigate potential methods of reducing such fringes.  
A thorough theoretical description of WMS was presented in section 2.7. Noise sources 
that limit the detection sensitivity of WMS were considered in section 2.7 and showed 
that the sensitivity of TDLAS including WMS is often limited by noise from optical 
interference fringes. A thorough review of the prior art in interference fringe reduction 
schemes was presented in section 2.7.1. It has been found that many of the schemes are 
effective in limited circumstances and often lead to complicated and fragile instruments. 
This presents a barrier in transferring the technology from the laboratory to the industry. 
This project aims to investigate an alternative technique for eliminating interference 
fringes. The technique could potentially simplify instrument design, thereby aiding the 
transfer of technology to industry. The technique is based on using diffuse reflections 
(laser speckle) in the optical path as means of suppressing interference effects. The 
principle of the technique and the theory of speckle are presented in the following 
chapter. 
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Chapter 3 Laser Speckle 
 
3.1 Background 
The primary aim of this research is to investigate the use of scattering surfaces in the 
optical path of a TDLAS instrument as a means of reducing the effects of interference 
fringes. The formation, prevention and elimination of interference fringes were 
discussed in chapter 2 section 2.8.1. To reiterate; gas cell windows are one of the main 
sources of the interference fringes (illustrated in Figure 3-1 (a)). The fringe signals can 
cause misleading gas concentration readings and often limit the detection sensitivity. 
Measures taken to prevent the formation of fringes (e.g. careful alignment of optics) 
and to reduce interference fringe signals (e.g. mechanically dithering offending 
components) often lead to complicated, expensive and fragile designs; making the 
instruments unsuitable for field applications.  
Under certain circumstances it has been claimed that using a diffuse reflector in the gas 
cell can prevent the formation of interference fringes[1-3]. This is the approach the 
project aims to explore. It has the potential to reduce instrument design complexity and 
lead to more robust designs. 
The formation of fringes and the principle of the proposed approach are illustrated in 
Figure 3-1 below. Light from a laser diode is coupled into a fibre coupler. One arm is 
directed onto a detector after passing through a gas cell. As shown in Figure 3-1 (a), 
multiple reflections can lead to formation of interference fringes. 
Figure 3-1(b) shows a proposed experimental system, designed to characterise speckle 
in a gas cell geometry. Light reflected from the diffuse surface end of the gas cell is 
imaged by the lens onto the CCD chip via the beam splitter and displayed on the 
monitor. The image on the monitor comprises a random interference or laser speckle. If 
the CCD camera is replaced by a detector, the detector measures gas absorption and 
random noise rather than the systematic noise (interference fringes).  
The focus of this chapter is developing the theoretical framework for the investigation. 
Firstly, a qualitative description of laser speckle is given, followed by a brief account of 
the origins of speckle. Following that is a discussion of the fundamental properties of 
speckle that are relevant to the project. These include; factors that govern size, 
brightness distribution, and contrast of speckle patterns. Particular attention is paid to 
interference of speckle patterns.  
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Figure 3-1: (a) demonstration of the formation of fringes in a gas cell, (b) Experimental setup for 
investigating the use of diffuse surfaces as a means of reducing interference fringes in WMS. Key, 
L1, L2: lens; APC: angle polished connector; BS: beam splitter. 
 
3.2 Statistical properties of laser speckle patterns 
3.2.1 Introduction to speckle  
The reflection of light incident on an optically rough surface, i.e. where the surface 
height deviations are greater than the wavelength of light, is not specular. Instead, the 
light is scattered in random directions dictated by the topography of the surface, as 
illustrated in Figure 3-2. 
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Figure 3-2: (a) diffuse reflection of light caused by an optically rough surface. (b) Speckle pattern; 
bright spots and dark spots correspond to where the interference has been highly constructive and 
destructive respectively. 
 
When the source of illumination is coherent and monochromatic, such as a laser, the 
reflected components interfere and the surrounding region is filled with a complex, 
stationary, interference pattern. The pattern appears disordered, and has a grainy 
appearance (see Figure 3-2 (b)). The complex pattern bears no obvious relationship to 
the macroscopic properties of the object illuminated[4]. The picture of the observed 
effect was perhaps most vividly painted by Gabor[5] “A white sheet of paper appears as 
if it is crawling with ants. The crawling is put into it by the restless eye, but the 
roughness is real” 
The wave reflected from an optically rough surface illuminated by a coherent 
monochromatic light source consists of contributions from many independent scattering 
areas. Wavelets that are scattered from different parts of the surface experience 
differences in their path lengths due to the topography of the surface. When two 
wavelets from different points on the surface intersect, they interfere and produce a 
fringe pattern. Since the light has high coherence, any pair of points can produce 
interference fringes, each pair’s fringes being at different orientations and with 
different fringe separations. The resulting speckle pattern is a complex mix of a 
multitude of bright spots and dark spots where the interference has been highly 
constructive and destructive respectively.  
3.2.2 Historical perspective of speckle  
Although the speckle phenomenon has been known since the time of Newton, it came 
into prominence with the advent of the laser. It was first described by Oliver[6] in 1963 
in a paper titled “Sparkling spots and random diffraction” in which he gave a 
qualitative explanation of speckle. This was summarised by Gabor[7]; “It arises by a 
diffraction effect at the receiving end or, more exactly, by the limitation of the amount 
of light admitted for image formation by the optical instrument or by eye”. In other 
words, the speckle pattern is dependent on the image forming aperture. 
Diffuse surface 
Incident light (b) (a) Speckle pattern 
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Speckle has been long recognised as the “Enemy Number One” of holography[7]. 
Holographic reconstructions were often submerged in a very annoying speckle 
background and this was considered a bane of holographers[8]. Considerable efforts 
were made to eliminate the speckle from holograms[7]. 
The turning point occurred when it was realised that speckles could be used as a 
random pattern that carried information about the object surface. Gabor[9], who 
received a Nobel prize for discovering holography,  made an insightful comment on 
speckle: “The novelty in holography is speckle noise. This has really nothing to do with 
holography; it is a consequence of coherence. It has a special standing among noise 
phenomena because it is not really noise but unwanted information. When we put a 
sheet of white paper into laser light, the reflected light conveys to us information on the 
roughness of the paper in which we are not at all interested. I am glad that Dr. J.M. 
Burch[10] has shown that we can make some use of this information”. Burch had 
presented his paper at the same conference. 
The information-carrying capacity of speckle was fully utilised for interferometry 
measurements on real objects. This gave rise to a field known as speckle interferometry 
(SI)[8]. A concise description of SI was provided by Leendertz[11]; “If two speckle 
patterns are superimposed the distribution of intensity in the resultant pattern depends 
on the relative phases of the component patterns. By measuring the correlation between 
the resultant patterns at two different times a change of relative phase is detected. This 
leads to a versatile method of measuring either the normal or in-plane components of 
displacement over the whole of a surface at one time”. Speckle is therefore both a 
nuisance and a useful measuring tool in different applications.  
Initially, SI was performed using photo-emulsions as recording medium; this was 
replaced by electronic imaging devices such as vidicon tubes and later charge- coupled 
devices (CCD) array detectors. Traditional photographic methods have been reviewed 
by Ennos[12]. Film-based methods are problematic owing to difficulties in the 
processing and final placement of the film sheets. The use of video methods in 
recording and correlating the speckle patterns was recognised early[13,14]. Due to its 
versatility, video recording has in recent years replaced many of the film-based 
methods[15]. The video-based method is referred to as Electronic Speckle Pattern 
Interferometry (ESPI). ESPI was originally developed for vibration analysis using time-
average techniques from holography and was then successfully extended to static 
displacement measurements, heterodyning and stroboscopic techniques to recover the 
vibrational phase information and surface profile measurement[16]. ESPI enables 
displacements to be measured in real-time to a sensitivity of the order of a wavelength 
of light and surface shape to be measured over a range of sensitivity from a few 
micrometers to several millimetres[17]. The power of ESPI is demonstrated by the 
diversity of its applications[8,16,18]. 
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Advances in electronic recording and computer processing of interferometric speckle 
patterns have made ESPI a powerful, relatively inexpensive, tool for laboratory and 
industrial use. Details of developments in the optoelectronic technology used in SI 
instrumentation can be found in a review paper by Tatam[19]. A typical ESPI 
configuration employing a laser diode and optical fibres is shown in Figure 3-3. 
 
 
Figure 3-3: A typical ESPI setup employing optical fibre. After Tatam[20]. 
 
A coherent light source is coupled into a single mode fibre through an isolator. The 
isolator prevents optical coupling back to the laser diode. The coupler provides the 
reference and object beam, with the majority of the coupled light incident on the test 
object. The scattered light is collected by the lens and imaged onto a CCD camera 
through a beam splitter. The reference beam is directed onto the CCD through the same 
beam splitter, where it is mixed with the imaged scattered light from the object surface 
to form an interferometric speckle pattern. The PZT stretcher provides a phase shift 
between the interferometric speckle patterns before and after object displacement. The 
interferometric speckle patterns can be stored electronically for subsequent computer 
processing. 
The following sections cover the fundamentals of speckle relevant to the project. These 
include; 
1. size of speckles; if a detector is placed in a speckle field, the speckle 
related intensity uncertainty is expected to be related to the number of speckles 
and therefore speckle size, 
2. polarisation; only light in the same polarisation state can interfere, 
3. behaviour of speckle under wavelength modulation. 
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3.2.3 Size of an objective speckle field 
The size of laser speckles, a statistical average of the distance between adjacent regions 
of maximum and minimum brightness, is always related to the aperture angle that the 
radiation giving rise to it subtends at the plane defining the speckle field[12]. The 
formation of objective speckle is illustrated in Figure 3-4. 
 
 
Figure 3-4: Illustration of the formation of objective speckle at screen AB. Key: D; the illuminated 
area, Z; the distance to the observation plane AB. 
 
The size (diameter) ε0 of the objective speckles formed on the screen AB at a distance 
Z, by the scattering of coherent light from a circular region of diameter D is given 
approximately by 
 1.2 /o Z Dε λ=   (3-1) 
where λ is the wavelength of light[12]. This relationship can be can be visually 
confirmed by stopping the pupil of the eye (squinting) whilst observing a white sheet of 
paper illuminated by coherent light. “Squint and the grains grow in size; step toward 
the screen and they shrink; take off your glasses and the pattern stays in perfect 
focus”[21].  
3.2.4 Size of a subjective speckle field 
If, alternatively, the speckle is formed by collecting the scattered radiation field with a 
lens and focussing it on to the screen CD (Figure 3-5), a ‘subjective’ speckle pattern is 
formed12. 
 
Figure 3-5: Illustration of the formation of objective speckle at screen AB and subjective speckle at 
screen CD. Key: D; CD; the image plane. 
The size of the individual speckles at the screen CD is then related to the effective 
numerical aperture N.A. of the lens by[12] 
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 0.6 / .s N Aε λ=   (3-2) 
It is often useful to relate the speckle size to the f-number (F#, ratio of the focal length 
to aperture) and to the magnification Π at which the lens is operating. According to 
Ennos[12], the speckle size is then 
 1.2(1 )s Fε λ= + Π #   (3-3) 
Speckle size is an important parameter particularly when the speckle data is recorded 
on a CCD array. For ESPI the speckles must be large compared with the pixel size so 
that the speckle intensity variations can be resolved[22]. However a large number of 
speckles in each image sample are necessary for meaningful statistical evaluation, 
requiring that their size be kept to a minimum.  
The speckle size can be matched to the pixel size of the CCD array by choosing a 
collecting lens with an appropriate f-number. The smallest speckles have diameters ε 
that are of the order of the magnitude of the diffraction pattern of the image forming-
lens. Francon[23] has shown that if the diameter of the image-forming lens in Figure 3-5 
is 2a and the distance L between the lens and the plane of observation is such that 
α=a/L, then the smallest speckle size is given by 
 /ε λ α=   (3-4) 
3.2.5 Effects of polarisation on speckle formation 
Since the speckle phenomenon is itself an interference one, a true ‘fully developed’ 
speckle pattern can derive only from interference of light that is all polarised in the 
same manner[12]. If the light illuminating the interferometer comes from a linearly 
polarised laser, and the diffuse reflections do not depolarise the light, then the field 
where the lens forms images of the two surfaces will contain a high contrast speckle 
pattern[24]. Surfaces at which polarised light is singly scattered generally give rise to a 
polarised speckle field, as do also lightly-scattering transmission elements, such as 
ground glass. On the other hand, surfaces into which light penetrates and is multiply 
scattered, such as matt white paint or opal glass, depolarise the light and thus do not 
generate a fully developed speckle pattern[12]. The brightness of distribution of this type 
of speckle pattern is markedly different from that of a ‘fully-developed’ speckle[12]. 
Brightness distribution is defined in the following section. 
3.2.6 Brightness distribution of a single speckle field 
Another important statistical property of a speckle pattern is the likelihood of observing 
a bright peak or a dark null in the irradiance at a given point (the probability 
distribution of the irradiance I). It has been shown by several authors [4,8,12] that the 
distribution of the brightness among the speckles of a fully developed pattern is 
governed by the negative exponential relationship  
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0 0(1/ ) exp( / ),      0( )
0,                                  otherwise           
I I I I
Iρ − > =  
 
 (3-5) 
where ρ(I) is the probability that a speckle has brightness between the values I and 
( )I I+ ∆ , and Io is the average brightness. The probability density function is plotted in 
Figure 3-6 below. 
 
 
Figure 3-6: Theoretical plot of the probability density function of the brightness distribution of a 
polarised speckle pattern (equation 3-5). 
 
The most probable brightness of a speckle is zero; in other words, there are more dark 
speckles in the field than speckles of any other brightness[12]. It is this property that is 
of the greatest importance in distinguishing a fully-developed speckle pattern from one 
less well-developed (or washed out), especially when it is observed visually[12]. 
3.2.7 Coherent combination of speckle and uniform fields 
A simple interferometer can be made by combining a uniformly bright field of coherent 
radiation (a reference beam) with a speckle field. It is necessary for the rays of the 
reference beam to be directed along the axes of the speckle-forming rays (see Figure 
3-3). The addition of the reference field will have an effect both upon the size and the 
brightness distribution of the speckles[12]. The diameter of a speckle approximately 
doubles when a reference field is added to the speckle pattern[12]. According to 
Ennos[12], the reason for this doubling in speckle size can be understood by considering 
the interference effect of adding a single strong wave to the speckle-forming waves in 
the direction of their axis. “The size of a speckle without the addition of the reference 
beam corresponds roughly to the spacing of the interference fringes generated by waves 
coming from the opposite ends of a diameter of the speckle-forming pupil. When the 
strong reference wave is introduced, the principal interference effects will take place 
with respect to this central strong ray, so that the maximum angle between interfering 
rays is halved, thus doubling the interference fringe spacing. On this reasoning the 
diameter of the speckles is also doubled”[12]. 
Dainty[25] has considered the statistical distribution of brightness of the resultant pattern 
when the uniform field is added to the speckle pattern in varying proportions. When the 
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average speckle brightness is equal to the reference field brightness, the intensity 
distribution is expressed by  
 ( )0( ) ( 1)exp[ ( 1)] 2 ( 1)I r r I r J Ir rρ = + − − + +  (3-6) 
where 0J  is the modified Bessel function of zero order with imaginary argument, and r 
is the ratio of the uniform (Iu) beam to the average intensity of the speckle alone (I0)[12]. 
This relationship is plotted as curve 2 in Figure 3-7 below for different values of r. 
 
 
Figure 3-7: The normalised probability density function of the brightness distribution of a 
polarised resulting from the coherent combination of a speckle field and uniform field, for beam 
ratios, r, equal to 0, 1, 2, 3, 5, 10. 
 
The significance of equation (3-6) is that when r=0, it resembles the distribution curve 
for the speckle pattern alone, equation (3-5). The most probable brightness is still zero, 
so that its texture can be readily recognised[12]. For r>1 the most probable brightness is 
not zero. To facilitate comparison between the two equations ((3-5) and (3-6)) it should 
be noted that  
 
0
0
1 uI Ir
I
+
+ =  (3-7) 
and that the total intensity (Iu+ I0), is unity, giving 01 1/r I+ = [25].  
3.2.8 Contrast of a speckle pattern 
The contrast C or normalised standard deviation of a polarised speckle pattern is 
defined as 
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where avI is the average irradiance and Iσ  is the standard deviation of the irradiance 
given by 
 
1/ 22
1
( )
1
N
i av
i
I I
N
σ β
=
 −
=  
− 
∑  (3-9) 
where β is the coherence factor that accounts for the finite size of the detection area and 
the depolarisation of light in the medium[26]. The coherence factor approaches one only 
if a polarisation filter and a point detector are used[27]. 
The irradiance of a speckle pattern obeys negative exponential statistics (see equation 
(3-5)) , with the important consequence that its standard deviation equals the mean4. 
The contrast of a fully developed static (no relative motion between scattering surface 
and CCD camera) speckle pattern in equation (3-8) above is therefore always equal to 
β1/2 or unity if β =1. Relative motion can lead to temporal intensity fluctuations with a 
time constant given by the local velocity[27]. In this case a time averaged quantity can be 
measured by choosing a certain camera exposure time T[27]. The average speckle 
contrast reduces according to 
 
2
0
( / ) 2(1 / ) ( )
T
C T t T C t dtβ= −∫  (3-10) 
where C(T), given by 2(0) ( ) /I I Iτ , is the intensity correlation function[27].The 
contrast reduces to[27]  
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=
 (3-11) 
for a simple exponential decay, i.e. ( ( ) exp( / )cC t τ τ= − . 
A speckle pattern can be suppressed by adding many uncorrelated speckle patterns on 
an irradiance basis[4]. This results from the probability theory; “the sum of M 
identically distributed, real-valued, uncorrelated random variables has a mean that is M 
times the mean of one component, and a standard deviation which is M times the 
standard deviation of one component”[4]. Thus the contrast of the resultant speckle 
pattern is reduced by 1/ M by making appropriate substitutions in equation (3-8); 
 
I
av
C
M I
σ
=  (3-12) 
If a smooth reference beam of average intensity Iu is added to the speckle pattern as 
described in section 3.2.7, the contrast of such a speckle pattern has been shown by 
Goodman[28] to be  
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where avI is the average total irradiance of the combined beams, 0/ur I I= , and I0 is the 
mean intensity of the speckle pattern alone. The contrast of such as pattern is plotted in 
Figure 3-8 and shows that the irradiance fluctuation may be quite large even for high 
beam ratios. 
 
 
Figure 3-8: The standard deviation of the irradiance fluctuation relative to the total average 
irradiance as a function of the beam ratio r 
3.2.9 Speckle patterns produced under a change of wavelength 
In the system shown in Figure 3-5, if the wavelength of the incident radiation is 
changed from λ to λ1 without disturbing the setup, there will be a phase difference δ  
introduce in the speckle patterns at the observation plane AB associated with the 
wavelength change λ∆ . According to Francon[23] this difference in phase, δ , due to 
wavelength change is equal to 
 22 D
λδ pi λ
∆
= ∆  (3-14) 
where D∆  is a characteristic of the diffuse object and represents the average path 
difference due to the non uniformity of the thickness of the diffuser. Chromatic 
aberration of the lens is assumed to be small enough to have no effect and phase 
variations due to the thickness variations of the diffuse object are taken into account. 
The two speckle patterns corresponding to the two wavelengths λ and λ1 are practically 
identical when 
 2 1D
λ
λ
∆∆ <<  (3-15) 
3.2.10 Dependence of speckle statistics on surface roughness.  
Fujii and Asakura[29] have investigated the effect of surface roughness on the statistical 
distribution of image speckle intensity. They have shown that the probability 
distribution and the standard deviation of the intensity fluctuations in image speckle 
patterns are strongly dependent on the surface roughness h. The probability distribution 
was found to vary from a negative exponential (Poisson) distribution for surfaces with 
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h>λ to a blend of Poissonian and Gaussian distributions for decreasing value of 
roughness. They similarly found that the standard deviation of the intensity fluctuations 
increases almost linearly with increasing roughness and then levels off at a constant 
value corresponding to h>λ . This constant value corresponds to the fully developed 
speckle condition. 
3.3 Speckle Interferometry 
3.3.1 Addition of laser speckle fields 
Speckle patterns can be added on either an amplitude basis or an intensity basis. In 
amplitude addition, there is no alteration in the statistics except for a scaling factor[8]. 
An example of addition of two speckle patterns on an amplitude basis is found in 
speckle shearing interferometry where two speckle patterns are spatially shifted and 
then are coherently superposed[8]. Addition on an intensity basis, for example if two 
speckle records are made on the same plate, changes the statistics, for example the most 
probable brightness of the speckle is no longer zero. Speckle statistics are now 
governed by a correlation coefficient.  
Jones and Wykes[30] have shown that the correlation coefficient is given by (details in 
Appendix C). 
 
2
2
1 2 cos( ) (1 )
r r
r
δρ δ + +=
+
 (3-16) 
where 2
1
I
r
I
=  is the ratio of the intensity of the two interferometric speckle patterns, 
and δ is the phase difference between them. The correlation coefficient is unity when 
the patterns have the same intensity and are in phase[8]. When the intensity ratio, r, is 
equal to one, equation (3-16) reduces to 
 ( ) (1 cos ) / 2ρ δ δ= +  (3-17) 
This simple relationship shows that the correlation coefficient ranges according to a 
cosine relationship from 1 to 0 as δ evolves from in phase to out of phase. 
The changes in phase of the light scattered from the surface can therefore be measured 
from the degree of the correlation between two speckle patterns acquired before and 
after deformation of an object. A good correlation of speckle intensities is observed 
from regions of the displaced surface that are in phase, whereas there is no correlation 
otherwise. A mapping of this correlation over the surface of the object results in a 
fringe pattern that contains information on the displacement of the object’s surface. 
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3.3.2 The principle of speckle interferometry and correlation fringe 
formation 
The first papers on the field of SI were presented by Leendertz in 1969[31] and 1970[11]. 
These two papers are credited with initiating the field of speckle interferometry[24]. SI is 
the basis of many well established techniques for the measurement of surface 
deformations or contours. Particular geometric setups are known to be predominantly 
sensitive to in-plane and out-of-plane displacement components, and in the case of 
speckle shearing interferometry to partial derivatives of the out-of-plane component[32]. 
It is common to all applications that they make use of the interference of a speckle 
object wave and a smooth or speckled reference wave. The effect of adding a smooth 
reference wave to a speckle pattern has been considered in section 3.2.7. 
In this section the principle of speckle pattern correlation fringe formation is described 
with reference to Figure 3-9 below: A plane wave front U0 incident on the beam splitter 
is split into two components of equal intensity that illuminate the optically rough 
surfaces D1 and D2. The wave fronts scattered from D1 and D2 interfere on 
recombination at B and are recorded in the image plane of the lens-aperture 
combination. 
 
 
Figure 3-9: The Michelson arrangement of out of plane displacement sensitive speckle pattern 
correlation interferometer. After Jones and Wykes[30]. 
 
The intensity distribution in the image plane will consist of an interference pattern 
formed between the image-plane speckle patterns of D1 and D2 seen as a virtual source 
in the dashed position[30]. By letting  
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speckles. Jones and Wykes[30] showed that the intensity of a given point in the image 
plane is given by 
 1 2 1 22 cosaI I I I I= + + Ψ  (3-19) 
where I1=U1U1*, I2=U2U2* and Ψ=ψ1-ψ2, where * represents the complex conjugate. 
Unlike the situation in classical interferometry, this intensity distribution represents a 
speckle pattern rather than a fringe pattern because ψ1 and ψ2 are randomly variable 
from each speckle across the image
 
 In order to generate a fringe pattern, the object 
wave has to carry an additional systematic phase change that may arise due to 
deformation or displacement of the object[8]. When D1 is displaced a distance d1 
parallel to the surface-normal, the resultant phase change is given by 
 1 1( ) 4 /d dδ pi λ∆ =  (3-20) 
This will change the intensity at a point to Ib, where  
 1 2 1 2 12 cos( ( ))bI I I I I dδ= + + Ψ + ∆  (3-21) 
Here the assumption is that that no decorrelation of the speckle pattern occurs because 
of object deformation. Here the term decorrelation refers to the speckle pattern after 
displacement “losing touch” with the original speckle pattern due to perhaps excessive 
displacement. If the addition of the two interferometric speckle patterns is done on an 
intensity basis the resultant intensity I will be the sum of the two intensities Ia and Ib 
and hence can be written as[8] 
 1 2 1 22 2 4 cos( / 2) cos( / 2)I I I I I δ δ= + + Ψ + ∆ ∆  (3-22) 
According to Sirohi[8] the first two terms represent a random intensity distribution and 
as such are due to the superposition of two speckle patterns. The third term is the 
intermodulation term in which cos( / 2)δΨ + ∆  shows a random speckle variation 
within an envelop defined by cos( / 2)δ∆ . The third term would be zero wherever 
cos( / 2) 0δ∆ = and would have the maximum value when cos( / 2) 1δ∆ = . Therefore, as 
δ∆ varies over the object surface, the intensity would show variation on a gross scale. 
This intensity variation is termed the fringe pattern but the fringes are highly speckled. 
There is a dark fringe whenever  
 (2 1)    0,1,2...n nδ pi∆ = + =  (3-23) 
and a bright fringe when  
 2    0,1,2..n nδ pi∆ = =  (3-24) 
“In other words a bright fringe is formed when the two speckle patterns are fully 
correlated and a dark fringe is formed when they are not correlated. For this reason 
these are also called correlation fringes”[8] (Figure 3-10). This is the basis of electronic 
speckle pattern interferometry (ESPI). 
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Figure 3-10: Fringes obtained using electronic speckle pattern interferometry, ESPI  
 
According to Jones and Wykes[30] the maximum correlation occurs along lines where  
 1 1/ 2     0,1,2d n nλ= =  (3-25) 
and the minimum correlation exists where  
 1
1
  0,1,2
2( 1/ 2)d nn λ= =+  (3-26) 
The contrast of these fringes can be increased considerably by removing the dc speckle 
component 2I1+2I2 (equation (3-22)). This can be achieved by performing subtraction 
speckle interferometry[8]. This is possible when electronic detection processing is 
employed and is discussed in the next section.  
3.3.3 Speckle pattern correlation fringe formation by electronic 
signal subtraction  
Electronic Speckle Pattern Interferometry (ESPI) uses electronic signal processing to 
generate correlation fringes[30]. The basic measurement system consists of an optical 
head, CCD camera, host computer, image processing system and a display monitor 
(Figure 3-3). A specimen illuminated with an expanded laser beam forms a speckle 
pattern. The scattered speckle pattern is imaged onto a CCD. Since the speckle size can 
be controlled by the lens aperture (section 3.2.3), it can be matched to the resolution of 
the electronic detector. The analogue video signal from the CCD array is sent to an 
analogue-to-digital converter, which samples the video signal at a given rate and 
records it as a digital frame in the memory of the computer for further processing. A 
reference wave, which may or may not be speckled, is added at the observation plane to 
achieve interference between the object and reference waves. The resultant speckle 
pattern is stored in the processor and displayed on the monitor. The object deformation 
creates a path difference between the wave front scattered from its surface and the 
reference wave, and this modified speckle pattern is either subtracted or added to the 
previously stored pattern. The signal is rectified since the monitor cannot display 
negative values. The signal is also high-pass filtered in order to reduce the effect of the 
varying intensity of the laser beam across the field of view”[33]. The bright and dark 
fringes displayed on the monitor are referred to as correlation fringes and represent 
contour lines of constant surface displacement[34]. 
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In subtraction ESPI the image from an object in its initial state is recorded and stored 
electronically. The object is then displaced and the digitised live camera signal of the 
deformed state of the object is subtracted pixel by pixel from the stored signal. Areas of 
the two images where the speckle pattern remains correlated will give a resultant signal 
of zero, while uncorrelated areas will give non-zero signals[30].  
3.4 Summary 
This chapter has presented the fundamental properties of speckle. Due to its random 
nature, speckle is described statistically. The statistical properties were presented in 
section 3.2. This knowledge of speckle statistics will facilitate the characterisation of 
speckle patterns of different materials that will be investigated and the quantification of 
speckle related intensity uncertainty.  
As the primary motivation of the project is the reduction of interference fringes in 
TDLAS, conditions under which interference effects can occur in speckle were also 
considered (section 3.3). Under certain conditions, interference effects can occur due to 
coherent combination of a smooth wave and a speckle pattern or two speckle patterns. 
Contrast of a speckle pattern can be reduced by 1/ M by averaging M uncorrelated 
speckle patterns. 
The theory presented in this chapter will form the foundation for a methodology for 
investigating the use of speckle effects (diffuse reflections) in TDLAS. The 
development of the methodology is presented in the following chapter. 
  3-78 
3.5 References 
 
 [1] Tranchart, S, Bachir, I. H., and Destombes, J-L. (1996), 'Sensitive trace gas 
detection with near-infrared laser diodes and an integrating sphere', Applied 
Optics, V35, N36, pp. 7070-7074. 
 [2] Atia W A and Flanders D C Axsun Technologies, Inc (27 March 2006), Method 
and System for Reducing Parasitic Spectral Noise in Tunable Semiconductor 
Source Spectroscopy System. USA. 20060187457.  
 [3] Owen, G. (1997), 'Suppression of interference effects in spectroscopy using an 
integrating sphere', Review of Scientific Instruments, V68, N3, pp. 1369. 
 [4] Goodman, J. W. (1976), 'Some fundamental properties of speckle', Journal of 
Optical Society of America, V66, N11, pp. 1145-1150. 
 [5] Gabor, D. (1972), 'Holography, 1948-1971', Science, V177, N4046, pp. 299-313. 
 [6] Oliver, B. M. (1963), 'Sparkling spots and random diffraction', Proceedings of the 
IEEE, V51, N1, pp. 220-221. 
 [7] Gabor D 1970 Conference on Holography and the Computer, 10-12 Dec. 1969: 
IBM Journal of Research and Development  14 IBM J. Res. Dev. (USA) (Houston, 
TX, USA pp 509-14. 
 [8] Sirohi, R. S. (2002), 'Speckle interferometry', Contemporary Physics, V43, N3, 
pp. 161-180. 
 [9] Gabor D 1971 Proceedings of the SPIE Seminar on Developments in Holography, 
14-15 April 1971 Proceedings of the SPIE Seminar on Developments in 
Holography (Boston, MA, USA: Soc. Photo-optical Instrumentation Engrs) pp 
129-33. 
[10] Burch J M 1971 Proceedings of the SPIE Seminar on Developments in 
Holography, 14-15 April 1971 Proceedings of the SPIE Seminar on Developments 
in Holography (Boston, MA, USA: Soc. Photo-optical Instrumentation Engrs) pp 
149-56. 
[11] Leendertz, J. A. (1970), 'Interferometric displacement measurement on scattering 
surfaces utilizing speckle effect', Journal of Physics E (Scientific Instruments), 
V3, N3, pp. 214-8. 
[12] Ennos A E 1975 Laser Speckle and Related Phenomena (Berlin: Springer-Verlag) 
pp 203-53. 
[13] Biedermann, K. and Ek, L. (1975 ), 'A recording and display system for hologram 
interferometry with low resolution imaging devices', Journal of Physics E 
(Scientific Instruments), V8, N7, pp. 571-6. 
[14] Lokberg, O. J. and Hogmoen, K. (1976), 'Vibration phase mapping using 
electronic speckle pattern interferometry', Applied Optics, V15, N11, pp. 2701-4. 
[15] Schmitt, D. R. and Hunt, R. W. (1997), 'Optimization of fringe pattern calculation 
with direct correlations in speckle interferometry', Applied Optics, V36, N34, pp. 
8848-57. 
[16] Olszak, A. and Tatam, R. P. (1997), 'The calibration of the path-length imbalance 
in optical fibre ESPI systems employing source-wavelength modulation', 
Measurement Science and Technology, V8, N7, pp. 759-63. 
  3-79 
[17] Varman, P. and Wykes, C. (1982), 'Smoothing of speckle and moire fringes by 
computer processing', Optics and Lasers in Engineering, V3, N2, pp. 87-100. 
[18] Ford, H. D., Atcha, H., and Tatam, R. P. (1993), 'Optical fibre technique for the 
measurement of small frequency separations: application to surface profile 
measurement using electronic speckle pattern interferometry', Measurement 
Science and Technology, V4, N5, pp. 601-7. 
[19] Tatam, Ralph P. (1999), 'Speckle interferometry: Optoelectronic developments 
and applications', Proceedings of the Interferometry '99: Applications, Sep 20-Sep 
23 1999: Proceedings of SPIE - The International Society for Optical 
Engineering, V3745, pp. 114-133. 
[20] Tatam, R. P. and others (1990), 'Holographic surface contouring using wavelength 
modulation of laser diodes', Optics and Laser Technology, V22, N5, pp. 317-21. 
[21] Hecht, E. (1998), Optics (3rd edition), Addison Wesley Longman, England. 
[22] Alexander, T L., Harvey, J. E., and Weeks, A. R. (1994), 'Average speckle size as 
a function of intensity threshold level: comparison of experimental measurements 
with theory', Applied Optics, V33, N35, pp. 8240-8250. 
[23] Francon, M. (1979), Laser Speckle and Applications in Optic, Academic, London. 
[24] Stetson, K. A. (1975), 'A review of speckle photography and interferometry', 
Optical Engineering, V14, N5, pp. 482-9. 
[25] Dainty, J. C. (1972), 'Coherent addition of a uniform beam to a speckle pattern', 
Journal of the Optical Society of America, V26, N4, pp. 595-6. 
[26] Rojas-Ochoa, L. F. and others (2004), 'Depolarization of backscattered linearly 
polarized light', Journal of the Optical Society of America A: Optics and Image 
Science, and Vision, V21, N9, pp. 1799-1804. 
[27] Volker, A. C. 1 and others (2005), 'Laser speckle imaging with an active noise 
reduction scheme', Optics Express, V13, N24, pp. 9782-9787. 
[28] Goodman J W 1975 Laser Speckle and Related Phenomena (Berlin: Springer-
Verlag) pp 9-75. 
[29] Fujii, H. and Asakura, T. (1974), 'Effect of surface roughness on the statistical 
distribution of image speckle intensity', Optics Communications, V11, N1, pp. 35-
38. 
[30] 1989 Holographic and Speckle Interferometry 2nd edn Jones R and Wykes C 
(Cambridge, UK: Cambridge University Press). 
[31] Leendertz J A (1970) Optical Instruments and Techniques, 14-19 July 1970 
Optical Instruments and Techniques (Reading, UK: Oriel Press) pp 256-64. 
[32] Lehmann, M. (1995), 'Optimization of wavefield intensities in phase-shifting 
speckle interferometry', Optics Communications, V118, N3-4, pp. 199-206. 
[33] Dainty J C 1976 Progress in Optics, V.XI: North-Holland) pp 3-46. 
[34] Mohan, Nandigana Krishna and Rastogi, Pramod (2003), 'Recent developments in 
digital speckle pattern interferometry: Recent Developments in Digital Speckle 
Pattern Interferometry', Optics and Lasers in Engineering, V40, N5-6, pp. 439-
445. 
 
  4-80 
Chapter 4 Investigation of diffuse reflections in 
tunable diode laser absorption spectroscopy 
 
The theory of laser speckle and speckle interferometry was presented in Chapter 3. This 
chapter is concerned with examining the implications of the theory on the use of diffuse 
reflections in TDLAS. The motivation for using diffuse reflections is to reduce the 
problem of interference fringes originating primarily from gas cell windows. A review 
of methods that have been proposed by other researchers to reduce the effects of 
interference fringes was presented in section 2.7.1. Evidence also suggests that in the 
right circumstances use of diffusely scattering materials may reduce fringes. Their use 
and the consequent introduction of random uncertainty associated with the generation of 
laser speckle has is investigated in this chapter.  
The analysis is based on the experimental configuration shown in Figure 4-1 that 
includes: (i) a tunable diode laser (823nm) driven so as to simulate TDLAS based gas 
detection, (ii) a simulated gas cell containing a diffusely scattering surface in 
combination with one of a number of different types of window (a wedged window is 
illustrated), and (iii) an interrogation system employing a silicon CCD camera. The 
823nm (rather than 1650nm) laser was used to allow use of a low cost silicon CCD.  
 
 
Figure 4-1: Experimental setup for investigating the use of diffuse reflections in TDLAS. Key: BS; 
beam splitter. 
 
The experimental work has been grouped into three sections, namely; 
1. development of the experimental methodology 
2. experiments to confirm speckle behaviour and 
3. experiments to investigate the use of diffuse reflections in TDLAS. 
The diffuse objects used in the experiments have been deliberately restricted to those 
that could potentially be used in a practical instrument. Both bulk scatterers (multiply 
scattering) and surface scatterers (singly scattering) have been investigated.  
Laser 
modulation and 
control 
Diffuse 
surface 
Wedged window 
10cm gas cell model 
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Object beam Ref beam 
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First, for convenience, a summary of the important statistical properties of speckle is 
provided. After which, a methodology for investigating the use of diffuse reflections in 
TDLAS (in particular direct spectroscopy and WMS) is established and experimental 
investigations carried out.  
4.1 Brief summary of theory of speckle 
The lateral size ε of the individual objective speckles (εo, Figure 3-4) and subjective 
speckles (εs, Figure 3-5) in are given by[1] 
 1.22 /o Z Dε λ=  (4-1) 
 ( )1.22 1 #s Fε λ= + Π  (4-2) 
The scattered field amplitudes are randomly distributed and therefore the intensity 
values follow a negative exponential distribution  
 ( )1( ) exp /P I I I
I
= −  (4-3) 
with the important consequence that its standard deviation σ equals the mean[2]. The 
normalised standard deviation or contrast C of a polarised speckle pattern is given 
by /C Iσ= . The contrast of a fully developed static speckle pattern is therefore always 
equal to unity. Adding M uncorrelated speckle patterns on an irradiance basis results in 
suppression of speckle contrast to /C M Iσ= [2].  
The level of speckle intensity noise on a detector of size d x d is related to the number 
of speckles N and therefore the speckle size ε . The number of speckles can be 
approximated by 2 2/d ε . The level of speckle-related intensity noise, /I I∆ , for a single 
speckle field is expected to be given by 1/ N  or / dε . From the above considerations, 
the speckle related uncertainty for a single static speckle field can be conveniently 
written in terms of equations (4-1) and (4-2) as 
Objective speckle: 1.22 /
d
I Z D
I
λ∆
=  (4-4) 
Subjective speckle: ( )1.22 1 #
d
FI
I
λ + Π∆
=  (4-5) 
 
Interferometric speckle (a polarised speckle pattern coherently combined with a smooth 
reference wave or another speckle pattern) obtained at different wavelengths have a 
phase difference that is associated with the wavelength change. This applies only if the 
two interferometric speckle patterns remain spatially correlated in the measurement 
interval. Sirohi[3] has shown that the phase difference δφ created between such 
interferometric speckle patterns is equal to 
 
22 /Lδφ pi δλ λ=  (4-6) 
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where in this case, L is the physical path difference between the wedged window and 
the scattering surface in Figure 4-2. The value of δφ determines whether the observed 
speckle fields are in phase or out of phase, with the correlation coefficient being given 
by[3] 
 ( ) (1 cos ) / 2ρ δφ δφ= +  (4-7) 
 
From the above analysis, for a single static speckle field, the speckle related intensity 
uncertainty can be reduced by integrating many speckles over the detector aperture (i.e. 
small speckles for a given detector size or large area detector for a given speckle size. 
The contrast or normalised standard deviation of a speckle pattern can be reduced by 
averaging a number of statistically independent patterns. The following sections report 
experimental investigations of the above assertions. 
4.2 Development of the experimental methodology 
A model gas cell was established to enable different diffusely reflecting surfaces or 
transmitting windows to be investigated. A tunable diode laser (823nm) driven so as to 
simulate a TDLAS based gas sensor was used in the experiments. A CCD camera was 
used to image the reflected or transmitted light. A schematic diagram of the 
experimental set up is shown in Figure 4-2. 
A 150mW single longitudinal mode laser diode (Spectra Diode Labs 5400 series) 
emitting at 823nm was coupled into a single mode fibre with angle cleaved end faces 
via a Faraday isolator (Halbo Optic), thus preventing feedback into the laser cavity 
which could have detrimental effects on the optical characteristics of the diode. The 
laser operating current and temperature were controlled by Profile LDC 202 and TED 
200 controllers respectively. The light was divided by a 50:50 fibre optic coupler. One 
arm was passed to a Fabry-Perot scanning interferometer (Tec-Optics FPI25) for 
monitoring the laser diode emission. The other arm was directed to the gas cell model 
via a beam splitter. A proportion of the light was speculary reflected by a window in the 
modelled gas cell. This will be referred to as the reference beam (annotated in Figure 
4-2). The reference beam intensity was controlled by using an appropriate antireflection 
coating on the window. Light reflected from the diffuse surface end of the gas cell will 
be referred to as the object beam (annotated in Figure 4-2). 
The window on the modelled gas cell could be aligned such that the object and the 
reference beams combined interferometrically to form an interferometric speckle pattern 
or misaligned such that only the object beam (non-interferometric speckle) was imaged 
by the lens onto an 8 bit CCD camera (PearPoint P176). A calibrated variable aperture 
was used at the imaging lens to control the F# of the system. The video signal from the 
camera was transferred to a frame grabbing card (National Instruments IMAQ PCI 
1408) housed in a computer. The image was displayed on the monitor after processing 
in the LabviewTM software environment.  
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Figure 4-2: Experimental setup for investigating the use of diffuse reflections in TDLAS. Key: 
DFB; distributed feed back, SM; single mode, PSD; phase sensitive detection. 
 
4.2.1 Elimination of optical feed back.  
Optical feedback into the laser cavity was found to cause mode hopping of the laser 
operating frequency and/or multimode operation. These effects could be observed with 
an optical spectrum analyser that was set to have free spectral range of 5GHz 
(corresponding to a mirror separation of 3cm). The effect could also be observed in the 
‘twinkling’ (instead of being stationary) of interferometric speckle at the camera when 
no change was applied to the phase of the interferometer (the simulated gas cell). A 
phase change could be introduced by displacing the diffuse reflector or changing the 
wavelength of the laser diode by changing the operating current or temperature. The 
‘twinkling’ of interferometric speckle could therefore indicate a change in phase 
between successive interferometric speckle patterns. To confirm that there was an 
unwanted phase change in the interferometer, static frame subtraction (previously 
described in section 3.3.3 of chapter 3) was performed as follows. 
An initial interferometric speckle pattern was stored in memory (as an 8 bit bitmap 
image) from which subsequent live images from the frame grabbing card were 
subtracted pixel by pixel. The difference images were converted into an array, each 
element representing the intensity level of each pixel (range of 0-255). The absolute 
intensity value |x| of each element in the array was computed. The array of absolute 
values was then converted back into an image that was displayed on the monitor. This 
process was performed by a program written in LabviewTM. The program was run 
continuously allowing real time observation of the difference image. If there was no 
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change between the reference frame and the live image, the displayed image would be 
black (Figure 4-3(a)). This would be the expected result were static frame subtraction to 
be carried out without any displacement applied to the interferometer (i.e. the laser 
operated at constant current and temperature and no displacement applied to the diffuse 
object). On the contrary, correlation fringes (Figure 4-3(b)) were observed and these 
were attributed to wavelength change due to laser mode hopping.  
 
 
Figure 4-3: (a) A uniform black field corresponding to constant operating conditions(b) Correlation 
fringes caused by mode hopping of laser induced by optical feedback into the laser cavity. 
 
Eliminating mode hopping by the use of a faraday isolator lead to the extinction of such 
fringes and the expected uniform black field could be observed. Independent 
confirmation was achieved by observing the output of the spectrum analyser on an 
oscilloscope display. 
4.2.2 Reduction of fringes from unwanted Fabry-Perot etalons.  
Fabry-Perot etalons created by parallel reflective surface in the optical system were 
found to cause interference (Figure 4-2). This introduced an undesirable uncertainty in 
intensity measurements with the camera.  
Fringes of different pitch were observed; narrow fringes from long etalons (e.g. between 
fibre ends) and broad fringes from short etalons (e.g. between the fibre coupling lens 
and a fibre end face). Figure 4-4 illustrates fringes superimposed on a 100mHz saw 
tooth signal that was used to scan the laser frequency. 
The CCD camera image also proved to be a useful diagnostic tool for fringe 
elimination, particularly for those originating from etalons in the optical path from fibre 
end (output) face to the CCD chip (Figure 4-2). A number of such fringes can be seen in 
interferometric speckle pattern in Figure 4-5(a). The broad fringes in the background 
were found to originate from a protective window in front of the CCD chip. The fringes 
marked a(2) and a(3) originated from etalons created by lenses L3, L4 and the wedged 
window. These could be seen more clearly by blocking the diffuse reflection such that 
only the specular reflection from the wedged window was imaged on the CCD (Figure 
4-5 (b) and (c)). 
(a) (b) 
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Figure 4-4: Example of fringes from unwanted etalons in the optical path; narrow fringes from 
long etalons (e.g. between fibre ends) and broad fringes from short etalons (e.g. between fibre 
coupling lens and fibre end face). 
 
 
 
Figure 4-5: (a) interferometric speckle pattern. (b) Subsection of (a) with the speckle pattern 
removed, by removing diffuser in Fig 4-2. (c) Close up image of the specular image shown in part 
(b). 
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The fringes were removed by changing the camera lens from a multi element lens to a 
biconvex singlet lens (i.e. a lens with both surfaces curved) and removing the CCD 
cover window (Figure 4-6). 
 
Figure 4-6: (a) Specular reflection. (b) Non interferometric pattern. (c) Interferometric speckle 
pattern, i.e. coherent combination of (a) and (b). Fringes that were observed in Figure 4-5 have 
been removed. 
 
4.3 Experimental confirmation of speckle behaviour 
The experimental setup (Figure 4-2) is different from a typical ESPI experimental 
configuration (Figure 3-3, chapter 3) in that the reference path and the object path are 
common. A series of experiments were therefore conducted to confirm speckle 
behaviour, verifying that the experimental setup was valid. Experiments were conducted 
to confirm; 
a) The dependency of speckle size given by equations (4-1) and (4-2) on the optical 
geometry of Figure 4-2.  
b) That interferometric speckle could be obtained with the experimental setup of 
Figure 4-2. 
These experiments are described in the following subsections. 
4.3.1 Confirmation of objective speckle behaviour 
The size of objective speckle is given by 1.22 /o Z Dε λ= (equation (4-1)). The 
dependence of speckle size on the illuminated area D was confirmed qualitatively by 
recording images of a diffuser (a gas turbine blade covered in retro reflective tape) for 
different values of D with fixed Z = 832mm (diffuser to camera distance). Figure 4-7 (a) 
and (b) show speckle images corresponding to (a) D = 4mm and (b) D = 110mm. The 
respective predicted speckle sizes are 161µm and 6µm (equation (4-1). 
(a)  
+ = 
(b)  (c)  
Specular image Speckle pattern Interferometric speckle 
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Figure 4-7: Effect of size of illuminated area on objective speckle. Speckle images of turbine blade 
covered with retro reflective tape illuminated by a beam diameter of (a) 4mm (b) 110mm. 
 
4.3.2 Confirmation of subjective speckle behaviour  
The size of subjective speckle is given by 1.22(1 ) #s Fε λ= + Π  (equation (4-2)). By 
varying the diameter of the adjustable aperture in Figure 4-2 and observing the speckle 
field formed, it was confirmed that the lateral speckle size of the subjective speckle was 
related to the F# according to the above equation. Speckle fields corresponding to 
various aperture diameters are shown in Figure 4-8 below.  
 
Figure 4-8: Effect of size of aperture on speckle size for subjective speckle. (a) Large speckles 
(0.3mm aperture). (b), Smaller speckles corresponding to a larger aperture (0.6mm). For apertures 
larger than 1mm speckle size can not be distinguished visually (e.g. (c) 3mm and (d) 6mm. 
 
For aperture sizes less than 1mm, the lateral size of the subjective speckle was visually 
confirmed to be related to the F# of the imaging lens. However, at apertures larger than 
diameter of illuminated area = 4mm diameter of illuminated area = 110mm 
(a) (b) 
(c) (d) 
0.3mm aperture 0.6mm aperture 
3mm aperture 6mm aperture 
(b) (a) 
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1mm, changes in speckle size with aperture could not be confirmed visually. This could 
be attributed to the resolution of the system. The subjective speckle size is given by 
2 #( )s F mε µ=  for λ=823nm and Π =1. The size of the pixels of the camera was 13.5µm 
×11.5µm. The focal length of the lens used was 50mm. Therefore for F#< 20 (i.e. for 
apertures greater than 2.5mm), the speckle size was less than 40µm. For adequate 
sampling, 7-10 pixels spanning the diameter of the speckle are recommended[4]. This 
criterion is satisfied for speckle sizes >94.5µm (or F#> 47). 
4.3.3 Confirmation of interferometric speckle 
It is important to distinguish between non interferometric and interferometric speckle as 
defined in section 4.2 for the following reasons; 
1. The statistical properties governing size, contrast and brightness distribution are 
different for the two cases.  
2. The behaviour under wavelength modulation is different. In the case of 
interferometric speckle, the simulated gas cell can be modelled as a low finesse 
Fabry-Perot etalon. The implications of fringes that may arise from such an 
etalon on TDLAS gas measurements will have to be considered.  
Additional practical considerations should be undertaken in the case of arranging an 
experiment to use interferometric speckle. Firstly, the relative intensity of specular and 
diffuse reflection has to be arranged such that neither one dominates the interferometric 
speckle pattern. In these experiments the magnitude of the specular reflection (the 
reference beam) was controlled by using wedged windows of different AR coatings. In 
standard ESPI configurations, beam intensity matching is achieved by appropriately 
attenuating the power in one path relative to the other.  
Secondly, the location of the adjustable aperture is critical. To avoid truncation of the 
reference beam when the adjustable diaphragm is stopped down, it has to be located at 
the focal point as illustrated in Figure 4-2. Again this limitation is not encountered in 
standard ESPI configuration as the reference beam does not go through the aperture. 
The reference beam is introduced after the lens and aperture, (Chapter 3, Figure 3-3). 
The experiment in the previous section, (4.3.2), can be taken to constitute confirmation 
of non interferometric speckle. To confirm that interferometric speckle could be 
obtained with the experimental configuration, the static frame subtraction procedure as 
described in section 4.2.1 was performed to obtain correlation fringes. Correlation 
fringes can only be obtained in the case of interferometric speckle. Correlation ESPI 
fringes obtained with the experimental set up are shown in Figure 4-9.  
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Figure 4-9: Correlation fringes obtained by performing static frame subtraction in ESPI. 
 
The fringes were obtained by heating the diffuse surface and then performing static 
frame subtraction as the diffuse object cooled down. The dark regions correspond to 
areas of the two images where the speckle pattern remained in phase, while the light 
regions correspond to areas of the two images where the speckle patterns were out of 
phase. This confirms the presence of interferometric speckle. 
4.4 Behaviour of speckle in practical systems 
The statistical properties of speckle summarised in section 4.1 are based on the 
assumption that the surface height deviations of the diffuser are large in comparison to 
the wavelength of the radiation illuminating it, and that the resultant speckle field is 
completely polarised. In general surfaces at which polarised light is singly scattered 
give rise to polarised speckle; this includes lightly-scattering transmission elements, 
such as ground glass. Bulk diffusers (surfaces into which light penetrates and is 
multiply scattered) on the other hand, such as matt white paint or opal glass, depolarise 
the light and thus do not generate a fully developed speckle pattern[1]. The statistics of 
speckle from singly scattering surfaces with height deviations less than the illuminating 
wavelength have been shown to depend on the surface roughness[5]. The purpose of this 
section is to investigate the possibility of exploiting the characteristics of under 
developed speckle as a means of reducing the speckle related intensity uncertainty. 
A number of diffusely scattering materials including PTFE (polytetrafluoroethylene, 
purchased from RS components), MacorTM (white machinable ceramic), ground glass, 
opal glass, SpectralonTM (a PTFE based material made by Labsphere), metallic surfaces 
painted with reflective paint (ReflectTM made by Rocol) and retro reflective tape were 
investigated. Due to different levels of scattering and depolarisation in the different 
samples the speckle fields were expected to exhibit various levels of development 
(0<C<1, where C is contrast or normalised standard deviation). The speckle patterns 
generated by the various samples were characterised by plotting probability density 
function and contrast and observing the size of the speckle. For these experiments, a 
HeNe laser emitting at 632.8nm was used for convenience. The experimental setup is 
shown in Figure 4-10 (only the reflective geometry is illustrated).  
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Figure 4-10: Experimental setup for characterising properties of speckle from various scattering 
materials. Key: P; polariser, A; analyser, BS; beam splitter, f; focal length of lens L1 and L2. 
 
Light from a linearly polarised HeNe was directed onto the target samples. Transmitted 
or reflected light was then directed either to a detector or a CCD camera after passage 
through the gas cell model. Lenses were used as gas cell windows; L1 collimated the 
scattered light and L2 focussed the light on to the detector. The detector signal was then 
passed to a lock-in amplifier that was locked to the chopper frequency.  
4.4.1 Dependence of speckle statistics on material type.  
Images of speckle patterns from various static samples were captured under identical 
conditions, with L2 (Figure 4-10) removed. For most of the samples (MacorTM, 
SpectralonTM, spray painted surface, retro reflective tape), there were no visible 
differences in speckle size. However PTFE gave rise to visibly smaller speckle. The 
speckle images from the PTFE and SpectralonTM are shown in Figure 4-11.  
 
 
Figure 4-11: Dependence of speckle size on material type. (a) 10mm SPECTRALONTM (460 ×460 
pixels). (b) 10mm thick PTFE (460 ×460 pixels). 
 
The images were captured with lens L1 operating at F# = 2.6. This appears to suggest 
that under certain circumstances speckle size depends on material type. There are 
several possible explanations for the phenomenon; 
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1. It has been reported that for diffusers with surface height deviations less than the 
wavelength of the illuminating light, speckle size depends on the surface height 
deviations (see section 3.2.10).  
2. Differences in the bulk microstructure between the two samples. 
3. Multiple scattering effects. 
The important result from a practical perspective is that speckle contrast also depends 
on the type of diffuser and therefore speckle related intensity uncertainty can be reduced 
by judicious selection of diffuser. 
4.4.2 Degree of polarisation (DOP).  
Light emerging from a scattering medium illuminated by linearly polarised light 
consists of linearly and randomly polarised photons[6]. This is directly related to the 
number of scattering events experienced by the photons. In section 4.3.3 interference 
effects were demonstrated by coherently adding a reference beam (specular reflection) 
to a speckle pattern from a surface scatterer. This was possible because the speckle 
pattern had a high DOP (degree of polarisation). From a gas sensing point of view 
depolarised speckle is preferable for several reasons. Firstly, depolarised speckle is 
under developed; therefore the contrast is expected to be less than unity. Secondly, in 
comparison to polarised speckle, depolarised speckle will produce reduced visibility of 
interference effects in the case of interferometric speckle.  
An experiment to measure the DOLP (degree of linear polarisation) of scattered light 
from the various samples was conducted. The DOLP is given by[6] 
 
P C
P C
I IDOLP
I I
−
=
+
 (4-8) 
where Ip and Ic are the mean intensities measured with parallel and crossed polarisers 
respectively[7]. The results are presented in Table 4-1 below. 
Table 4-1: Degree of linear polarisation of light reflected or transmitted from various samples 
MATERIAL DEGREE OF LINEAR 
POLARISATION 
CONTRAST  
REFLECTIVE   
10mm thick PTFE 0.02 0.98 
SpectraflectTM 0.07 1.0 
20mm thick SpectralonTM 0.13 1.0 
aluminium surface painted 
with a reflective paint 
0.78 1.0 
retro reflective tape 0.9 1.00 
TRANSMISSIVE   
opal glass 0.2 1.00 
ground glass 1 1.00 
 
The DOLP was calculated from the measurements of Ip and Ic that were obtained with 
parallel and crossed polariser (P) and analyser (A) pair respectively (Figure 4-10). The 
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polarisers were only used for this experiment. As expected the surface scatterers 
(aluminium surface, ground glass and retro reflective tape) exhibited a high DOLP 
compared to the bulk or volume scatters (PTFE, SpectraflectTM, SpectralonTM and opal 
glass). The results do not exhibit the expected reduction in the contrast of the speckle 
fiel. This could be due to inadequate sampling of the speckle field by the CCD. Ideally, 
7-10 pixels should be used to sample one speckle[4]. In this experiment the speckles 
(approximately 2µm in size;estimated using 1.2×λ×F# where λ= 633nm and F# =2.6) 
were smaller than the CCD pixels (11.3µm). 
4.4.3 Effect of multiple scattering on speckle  
The effect of multiple scattering on speckle size was investigated by recording speckle 
images of light transmitted after passage through PTFE samples of varying thickness 
(Figure 4-12).  
 
 
Figure 4-12: Experimental set up for recording multiply scattered speckle after passage through 
PTFE samples of varying thicknesses. The samples were placed 107mm from the CCD chip 
(measured from the exit face of the sample)  
 
The captured images and the associated probability density functions (PDFs) are shown 
in Figure 4-13. Table 4-2 presents the calculated normalised standard deviation 
(contrast). 
Table 4-2: Normalised standard deviation of speckle patterns obtained from light transmitted 
through PTFE of varying thickness. 
IMAGE CONTRAST OR NORMALISED STANDARD 
DEVIATION 
PTFE: 2mm thick 0.157 
PTFE: 5mm thick 0.103 
PTFE: 10mm thick 0.08 
PTFE: 20mm thick 0.062 
 
This appears to show that multiple scattering effects lead to a reduction in speckle 
contrast.  
HeNe 
PTFE sample camera 
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Figure 4-13: Dependence of speckle distribution on multiple scattering. Image and the associated 
probability density functions (PDFs) obtained by recording transmitted scattered light after 
passage through PFTE samples of various thicknesses. KEY: I is intensity of the individual pixels of 
the CCD and <I> is the average pixel intensity. 
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4.4.4 Integrated and blurred speckle.  
In practice, speckle intensity measurements are made with detectors with finite 
apertures. As a result the measured intensity is an integrated version of the ideal point 
detector. Relative motion between the detector and the scattering surface can also lead 
to blurring of the speckles leading to reduction in contrast. The first-order statistics of 
integrated and blurred speckles have been considered by Goodman[8]. He has shown that 
for a non stationary speckle pattern, the mean of the measured intensity is equal to the 
true mean of the static pattern. Adding M independent speckle patterns has been shown 
to reduce the uncertainty by M [7]. 
In this work statistically uncorrelated speckle patterns were generated by capturing ten 
images (set 1) whilst the diffuser was rotated (rotation performed manually so that a 
different region of the diffuser was illuminated each time) using the experimental setup 
of Figure 4-10. From these images a set of nine images were generated by computing 
the average of K images where K= 2, 3…..10. Each of these images corresponded to 
averaging over K independent speckle patterns. The contrast of the average images was 
then calculated. As a control, ten images of the diffuser whilst stationary (set 2) at 
arbitrary time intervals between 30 seconds and 120 seconds were also taken. These 
were also subjected to the same processing as set 1. 
The plot of contrast against number of images averaged for the two sets of images is 
shown in Figure 4-14.  
 
 
Figure 4-14: Variation of contrast or normalised standard deviation with the number of images 
averaged. Set 1; uncorrelated speckle patterns, Set 2; images taken from a static diffuser. 
 
Figure 4-15 shows the averaged images and the plots of their corresponding probability 
density functions. Also shown in Figure 4-15 are the 3D representations of the intensity 
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distribution corresponding to one speckle pattern and the average of ten speckle 
patterns.  
 
 
Figure 4-15: (a1), (b1) and (c1) are images (460 ×360 pixels) of speckle patterns; (a2), (b2), (c2) the 
associated probability density functions PDFs, (a3), (b3) and (c3) are 3D representations of  images 
(a1), (b1) and (c1) respectively. 
 
Averaging uncorrelated speckle patterns show behaviour similar to prediction (Figure 
4-14). The offset in between the theoretical and experimental plots in Figure 4-14 could 
be due to a small level of background intensity. 
The rotating diffuser was also used to blur the speckles via its motion. Figure 4-16 
shows a static speckle image and blurred speckle image captured whilst the diffuser was 
rotated at 1 kHz.  
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Figure 4-16: Blurring speckle using a moving diffuser. (a) image of a static diffuser, (b) image taken 
whilst rotating the diffuser. 
The rotation speed of the diffuser could be set such that within the time period 
corresponding to 1 measurement (typically several seconds for WMS), the averaged 
image was equivalent to measuring over an area of M images (swept area). For a 
detector this reduces the uncertainty by a factor of 1/ M . For example, if the speckle 
sizes in a static image have an average diameter of 2µm (i.e. λ = 823nm, П=1 and F#=1 
in equation 4-5), the speckle related intensity uncertainty is 2µm/1mm = 2×10-3. To 
detect 10ppm gas concentration would require averaging 400 statistically independent 
speckle patterns. 
4.5 Effect of wavelength modulation on speckle 
Both direct spectroscopy and WMS techniques involve tuning the wavelength of the 
laser. Therefore speckle behaviour (interferometric and non interferometric) and the 
related intensity uncertainty requires investigation under wavelength modulation. The 
level of uncertainty that relates to wavelength modulation can be investigated by 
considering an intensity measurement made at one wavelength λ with a second 
measurement made within a short modulation period, at a second wavelength (λ+δλ). 
The effect of the wavelength modulation on interferometric and non-interferometric 
speckle was investigated on a scale relevant to gas detection using direct spectroscopy 
and wavelength modulation spectroscopy. 
4.5.1 Effect of wavelength modulation on non-interferometric 
speckle.  
For non-interferometric speckle, the expected change in the speckle field due to a 
wavelength change can be estimated by evaluating the equation for speckle size, (4-2), 
at λ1and λ1+δλ. For example, substituting F# = 2.5, λ1 = 1650nm, П = 1 and δλ = 
0.09nm (10GHz or 0.334cm-1); the proportional change in speckle related uncertainty is 
6×10-5. This level of uncertainty is relevant to differential measurements made at two 
different wavelengths or when scanning across the gas line to obtain the harmonic line 
shapes or for direct spectroscopy. The speckle related uncertainty due to wavelength 
change for non-interferometric speckle is therefore below the level of uncertainty for a 
(a) (b) 
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static speckle field. The static speckle field uncertainty is given by equation (4.2), which 
is 4×10-3 for F# = 1, λ
 
= 1650nm, П = 1 and d=1mm. 
Therefore in the case of a static speckle field, to detect 10ppm gas concentration, the 
speckle sizes must be approximately 10nm if a 1mm diameter detector is used. The 
geometry required to achieve such small speckles would be difficult to achieve in a 
practical gas detection experiment (e.g. large gas cell volume; instrument response time 
limited by time taken to fill or evacuate cell, very large beam diameter required; the 
illumination geometry required to achieve such a beam size may not be appropriate for 
many practical gas sensing systems). For example to achieve 10nm speckle sizes (i.e. 
10ppm detection sensitivity), using the cell geometry shown in Figure 4-1:  
a) In the case of an objective speckle configuration (equation 4-1) with Z = 
150mm, the required diameter of the illuminated area is 30metres. 
b) In the case of subjective speckle (equation 4-2) with П = 1, the required F# is 
2.5×10-3. 
4.5.2 Effect of wavelength modulation on interferometric speckle.  
For experiments involving interferometric speckle, confirmation that the object and 
reference beams were combining interferometrically was achieved by obtaining 
correlation fringes using electronic speckle pattern interferometry as described in 
section 4.3.3. 
Interferometric speckle patterns obtained at two wavelengths have a phase difference 
that is given by 22 /Lδφ pi δλ λ= (Equation (4-6), section 4.1). For laser diodes sources, 
the wavelength change can be achieved by tuning the injection current. Equation (4-6) 
can therefore be rewritten as  
 
2 L k i
c
ν
piδφ = ∆  (4-9) 
where ∆i is the change in laser current and kv is a constant unique to a particular laser 
diode[9]. The equation above applies to individual speckles in an interferometric speckle 
pattern. Therefore when performing static frame subtraction ESPI whilst tuning the 
injection current, a plot of I-I0 against ∆i would be expected to take the form of a 
sinusoid. I0 is the average intensity of an interferometric speckle pattern corresponding 
to ∆i =0.  
An experiment was conducted to obtain a plot of the correlation of interferometric 
speckle patterns corresponding to different wavelength using a technique that was 
employed by Olszak and Tatam[9] to calibrate the path-length imbalance in optical fibre 
ESPI systems. The experimental setup of Figure 4-2 was used for this experiment. 
The specular reflection from the wedged window (with reference to Figure 4-2) was used 
a reference smooth wave. A reference interferometric speckle pattern was stored for an 
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initial injection current or wavelength value. The wavelength was scanned by a ramping 
the injection current, causing a corresponding change in the phase. New interferometric 
speckle patterns were acquired continuously. The subsequent images were then 
subtracted from the reference image pixel by pixel, the result rectified and the average 
intensity of the resultant image calculated. A plot of average intensity against current is 
shown in Figure 4-17.  
 
 
Figure 4-17: A plot of average intensity that maps the phase change of the interferometer with 
wavelength. The troughs correspond to δφ = 1 (in phase) and the peaks correspond to δφ = 0 (out of 
phase). 
 
The x-axis can be converted to a frequency scale by characterising the frequency versus 
current tuning characteristics of the laser diode. From this, the wavelength change 
required to produce a 2pi phase change for a given ∆L can be determined as follows. 
The plot is on a sloping background due to simultaneous wavelength and intensity 
modulation. The period of the ramp waveform was 100 seconds. This allowed a 
sufficient number of frames to be captured in the interval 0 < δφ < pi. When the phase 
shift equalled pi the average intensity attained its maximum value and when it was 2pi 
the average intensity was a minimum; that is, subtracting from a speckle image an 
identical speckle image results in a ‘black’ (zero-intensity) image. Approximately 
16±0.5 maxima could be seen in a 26.6 GHz (0.9cm-1) interval, yielding an etalon 
spacing of 9.2±0.2cm. The length of the simulated gas cell was 9cm. These observations 
are consistent with the fringes originating from the low finesse cavity formed by the 
simulated gas cell. This is an important result and shows that an interference fringe-like 
signal can occur due to wavelength modulation of interferometric speckle. 
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4.6 Estimation of speckle related uncertainty for direct 
spectroscopy and WMS 
This section will consider the implications of the speckle (interferometric and non 
interferometric) related uncertainty on direct spectroscopy and WMS using the gas cell 
model illustrated in Figure 4-2. The effect of the wavelength modulation on speckle on 
a scale relevant to TDLS will be examined.  
In direct spectroscopy the laser is tuned over the absorption line by either ramping the 
operating current or temperature. Direct spectroscopy was simulated by scanning the 
laser frequency over a 26GHz (0.9cm-1) range. This was achieved by modulating the 
operating current with a low frequency ramp signal whilst continuously recording the 
speckle images and saving them to an AVI file.  
For WMS, two scenarios have been considered. In the first case, the laser was 
simultaneously modulated at several kHz (modulation depth δλ, typically several GHz, 
for example δλ = 4GHz for methane at atmospheric pressure) and scanned across the 
gas line at several Hz. In the second case, the scan was absent and the laser was locked 
to the peak of the gas line with a residual jitter of several MHz. 
A number of programs were written in LabviewTM to read and process AVI files. One 
program converted the image frames into an array of individual pixel data. The array 
was then divided into grids (pixel binning) representing our detection system. The size 
of the bins could be chosen to match the size of our detectors or any arbitrary size (see 
Figure 4-18). Another program divided the image array into ten bins of user selectable 
size and origin (see Figure 4-18(b))  
 
Figure 4-18: Illustrations of the different types of pixel binning that were employed. (a) Images 
were divided into equal bins size bins equivalent to detector size (b) different size bins used to 
evaluate the effect of averaging different number of pixel. 
4.6.1 Non-interferometric speckle. 
In section 4.5.1, it was established that the speckle related intensity uncertainty of non-
interferometric speckle due to wavelength modulation is below the level of uncertainty 
of a static field. Therefore the level of noise in direct spectroscopy and WMS will be 
similar to that of a static field. According to equation (7-4) the speckle related intensity 
uncertainty of a static field is directly related to the effective F# of the image forming 
lens. In the experimental setup shown in Figure 4-2 the effective F# can be controlled by 
    
    
    
    
 
(a) (b) 
  4-100 
the iris diaphragm. The effect of speckle size on the intensity noise can therefore be 
investigated by conducting a series of experiments where the intensity noise is 
measured for different effective F# of the collecting lens. From equation (7-5), a 
reduction in intensity noise with decreasing F# is therefore expected. 
The uncertainty of a static field was examined by considering the uncertainty associated 
with placing a detector of a particular size in different areas of the speckle field by using 
the binning method illustrated in Figure 4-18(a). For a given bin (or detector) size the 
speckle related measurement uncertainty was calculated from the mean intensity of each 
bin and the standard deviation of the mean intensities of all the bins. The exercise was 
conducted for various bin sizes and two different speckle sizes. The images shown in 
Figure 4-11 were used. The results are presented in Table 4-3. As expected, for small 
areas the uncertainty is higher. 
Table 4-3: Speckle related intensity noise for various detector sizes. 
  SPECTRALONTM PTFE 
detector 
or bin 
size 
(pixels) 
Approximate 
bin area 
(mm2) 
Mean 
intensity  
 
(counts) 
Standard 
Deviation 
 
(counts) 
Proportional 
Standard 
deviation 
 
Mean 
intensity 
 
(counts) 
standard 
Deviation 
 
(counts) 
proportional  
Standard 
Deviation 
 
40×40  0.25  19.4 3.5 0.18  
19.4 
2.8 0.14 
80×80  1  19.8 2.8 0.14 19.4 2.5 0.13 
120×120  2.2  19.4 1.8 0.093 19.3 2.2 0.11 
160×160 4  19.1 1.2 0.063 19.0 1.3 0.07 
4.6.2 Interferometric speckle. 
In section 4.5.2, it was shown that modulation of interferometric speckle can result in 
interference fringe signals (Figure 4-17). The intensity uncertainty will be maximised if 
the induced phase change in the interferometer δ equals (2n+1)pi. 
The intensity of each pixel varies according to equation (4-7); however the phases of the 
pixels are randomly distributed. Therefore by averaging a sufficient number of pixels, a 
reduction in the visibility of the fringes is expected.  
The effect of detector size on the visibility of the fringes was investigated. The area over 
which the speckles were averaged was varied by using the binning method illustrated in 
Figure 4-18(b). Shown in Figure 4-19 are the plots obtained for detector or bin sizes 
comprising of one pixel and a hundred pixels. The approximate maximum peak to peak 
intensity excursions for the different averaging areas are shown in Table 4-4 and plotted 
in Figure 4-20. As expected, a reduction in the modulation amplitude of the fringes is 
observed. 
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Figure 4-19: Reduction in the visibility of the interference fringes with increasing modelled detector 
size. Fringes were formed by modulating interferometric speckle. After a certain detector size, 
further increase of the detector size yields no detectable reduction in the amplitude of the 
interference fringes. 
 
Table 4-4: Approximate peak to peak amplitude of the intensity modulation for different area 
averaging size. 
Detector or bin 
size 
(pixels) 
Approximate pixel 
area  
(mm2) 
Maximum peak to peak 
intensity excursion 
(counts) 
1 1.6×10-4 153 
3×3 1.4×10-3 127 
5×5 3.9×10-3 75 
7×7 7.6×10-3 20 
10×10 0.016 14 
40×40 0.25 12 
80×80 1 6 
120×120 2.2 4 
160×160 4 4 
200×200 6.2 4 
 
 
Figure 4-20: Plots showing a reduction in fringe visibility as the number of averaged pixels 
increase. Also shown is the 1/ M plot for comparison 
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4.7 Discussion and conclusion  
In this chapter a systematic study of the use of diffuse reflections in TDLAS has been 
reported. A methodology for investigating the consequent introduction of intensity 
uncertainty associated with laser speckle has been developed.  
A relationship governing non interferometric speckle intensity uncertainty has been 
derived (equation (7-5) and experimentally confirmed. The uncertainty is reduced by 
integrating a large number of speckles over the detector area (Table 4-3) because of the 
statistical properties of speckle. The uncertainty can also be reduced by using multiply 
scattering surfaces that gives rise to a partially polarised (low contrast or washed out) 
speckle field.  
In the case of objective speckle (assuming a fully developed speckle pattern) speckle 
sizes are governed by equation 4-1; 1.22 /o Z Dε λ= . If a 1mm detector is located 
100mm from the diffuser, to detect 100ppm methane at 1650nm, the illuminated area 
diameter has to be approximately 200cm. The illumination geometry required to achieve 
such a beam size may not be appropriate for many practical gas sensing systems. 
In the case of subjective speckle, the speckle size is determined by the f-number of the 
light collecting optic and by the magnification of the system. These can be configured to 
reduce the speckle size. For example Fresnel lenses with f# < 1 (commercially available 
at very low cost) can be used. The estimated speckle related intensity uncertainty is of 
the order of 1.5 × 10-3 (by using values of П = 0.5, F# = 0.5 in equation 4-5; ∆I/I = 
( )1.22 1 #/dFλ + Π ). 
Speckle noise can also be actively suppressed by averaging a sufficient number of 
uncorrelated speckles during the detector integration period. Adding M independent 
speckle patterns has been shown to reduce the uncertainty by M  (Figure 4-14). 
Changes in the speckle pattern due to external factors (ambient vibrations, cooling fans 
in electronic equipment, pumps etc) will not worsen speckle noise for a sufficient 
number of speckles arriving at the detector. Although the speckles pattern will be non 
stationary, the detector will effectively ‘see’ the same number of speckles. On the 
contrary, environmental fluctuations can lead to reduced speckle uncertainty due to the 
averaging effect.  
Interference fringes were observed in the case of interferometric speckle. The visibility 
of the fringes could be significantly reduced by integrating a large number of speckles 
over a detector area because of the random distribution of the phases of individual 
pixels (Figure 4-19 and Table 4-4). The peak to peak amplitude of the fringes detected 
at the CCD camera was reduced from 153 counts (measured in one pixel) to 6 counts by 
averaging over an area equivalent to a detector with a diameter of 1mm. The formation 
of such fringes can be partially avoided by using multiply scattering diffusers that gives 
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rise to a depolarised speckle field. This reduces the finesse of the low finesse cavity 
giving rise to interferometric speckle. In practice, the specular component from the 
reference beam would be directed away from the camera or detector. In the 
experimental setup shown in Figure 4-2, it took considerable efforts to align the system 
to achieve interferometric speckle. 
The results obtained in this chapter will be used in designing and evaluating the 
performance of a diffuse gas cell for use in a TDLAS instrument. The important design 
considerations based on results obtained in this chapter are outlined below.  
• Speckle related intensity uncertainty has the following parameters 
o Dependent on optical geometry. 
o Dependent on the type of diffuser, under certain circumstances. 
o Largely independent of wavelength modulation (in the case of non 
interferometric speckle. 
o Interferometric speckle exhibits behaviour similar to Fabry-Perot etalon 
fringes. 
• Speckle related uncertainty can be reduced by averaging 
o a large number of speckles N over a detector area in the case of a single 
static speckle pattern, 1/√N reduction 
o a number of uncorrelated speckle patterns M, yielding a 1/√M reduction 
 
The following chapter describes the development of the TDLAS instrument employing 
the WMS technique. 
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Chapter 5 WMS instrument development 
 
The purpose of this chapter to report the design and evaluation of the performance of a 
bench top demonstrator instrument based on the application of the WMS theory 
presented in chapter 2 (sections 2.7-2.9). The instrument will be used in the following 
chapters for investigating the use of diffuse reflections in TDLAS. The target detection 
limit of the instrument is the background methane concentration of approximately 
2ppm. The various development stages of the instrument are reported. Experimental 
work that was conducted to characterise and evaluate the performance of the instrument 
is also presented in this chapter. 
The following sections describe the main elements of the system and its operation. 
5.1.1 Description of the main parts of the system 
The instrument consisted of the following main elements; 
1. Source and associated drive electronics 
a) A custom InGaAsP DFB laser diode module mounted in a standard 14 pin 
butterfly package, consisting of (with reference to Figure 5-1); 
i. a 1651nm DFB laser diode chip (NEL NLK1U5C1CA-TS) mounted 
on a thermoelectric cooler (TEC) element for heating or cooling the 
diode, to set the bulk emission wavelength. 
ii. a negative temperature coefficient thermistor (NTC) for sensing the 
operating temperature of the laser. 
iii. a commercially available monitor Ge photodiode enclosed in a 
standard TO package filled with methane, forming a reference cell 
with which the operating wavelength of the diode could be 
controlled. The 5mm (approximate) thickness of gas between the 
diode and package window gave an absorption of approximately 4% 
at 1651 nm[1]. 
iv. a 4.5mm focal length aspheric lens (Light path 350230D) to 
collimate the main output beam (emission from the front facet).  
b) A laser current controller to supply the drive current to the laser and a 
temperature controller to provide bulk wavelength stabilisation of the laser 
(0.5Ω or 1mK stability over 24 hours if used with a 10kΩ thermistor at 250C). 
c) Signal generators to supply signals to the laser current or temperature 
controllers to tune or modulate the laser emission frequency. 
2. A laser emission frequency stabilisation control circuit. A frequency stabilisation 
scheme is required to lock the emission frequency to the gas absorption line. This 
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utilised the reference gas cell and a feedback control loop (with proportional, 
integral, and derivative control actions). 
3. A gas cell with a path length of 10cm. Conventional design techniques such as the 
use of AR coated and wedged windows were used to minimise interference effects. 
4. A detection system comprising of an amplified detector and at least two lock-in 
amplifiers for phase sensitive detection. The second harmonic output of one lock-in 
amplifier (2f) was used as the system output. The third harmonic output (3f) of the 
second lock-in amplifier was used for frequency stabilisation. 
5. Data acquisition system: the system had a means of transferring data from the 
instruments to a computer for post detection processing and storage. The acquisition 
was performed in the LabviewTM software environment. 
 
 
Figure 5-1: (a) Picture of the laser module. (b) Schematic diagram of the custom laser diode 
module.  
5.1.2 Description of the operation of the initial bench top system  
The laser emission could be coupled to the gas cell through free space or via single 
mode optical fibre. Fibre was utilised as it provided a flexible means of guiding light 
from the source to the gas cell. The fibre coupled system which is shown in Figure 5-2 
is described here. The frequency stabilisation scheme is described separately in section 
5.1.3. A picture of the drive circuitry is shown in Figure 5-3. 
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Figure 5-2: The experimental setup for methane gas detection using WMS. Key: SA, spectrum 
analyser; PID, proportional-integral-differential; APC, angle polished connector, Ref; reference 
signal supplied to the lock-in amplifiers. 
 
 
Figure 5-3: Picture of the bench top equipment for the WMS demonstrator. Current replacement 
cost >£16,000. 
 
Modulated light from a frequency stabilised custom DFB laser diode (assembled by 
Semelab) was coupled into a single mode fibre circulator (FiberLogix FCIR-65-2-L-1) 
with angle polished connectors through an antireflection coated aspheric lens. The DFB 
laser was driven by a current controller (Thorlabs LDC 202) and a temperature 
controller (Thorlabs TED 200). Modulation of the DFB current was achieved by 
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supplying the current controller with a 6kHz sine waveform from a signal generator 
(Hewlett Packard HP33120A). The 6 kHz modulation frequency was chosen because 
1/f noise is negligible at such a relatively high frequency and the 2nd and 3rd harmonic 
components are within the audio frequency range allowing the use of cheap detection 
circuitry. This waveform was also supplied to lock-in amplifiers (Stanford Research 
Systems SR850) as a reference signal for phase sensitive detection. The return arm of 
the circulator was used for monitoring the returned power of the DFB laser by 
connecting it to a power meter (Ando AQ-2105) or monitoring the output spectrum by 
connecting to a confocal spectrum analyser (Toptica FPI 100) that had a free spectral 
range of 1GHz and a typical finesse of 1000.  
The output light from the first arm of the circulator was collimated and directed onto an 
amplified detector (Thorlabs PDA400) after passage through a 10cm long gas cell with 
antireflection coated (Thorlabs C-coating, <0.25% reflectivity at 1650nm) and wedged 
windows (2 degrees beam deviation angle). The detector output was fed to a lock-in 
amplifier (Stanford Research SR850) for phase sensitive detection at 12 kHz (the 
second harmonic of the modulation frequency). The lock-in amplifier output could be 
observed on its graphic display, saved to a 3.5 inch floppy disk or transferred to a 
computer running LabviewTM software through a high speed USB-GPIB interface 
(National Instruments HS-USBGPIB). 
Test gases were fed to the gas cell from two certified cylinders (Scott Specialty Gases), 
one containing hydrocarbon (HC) free air and the other containing methane (three 
methane cylinders were used; 50ppm, 1010ppm and 2.5% volume in hydrocarbon free 
air). A bank of mass flow controllers (Teledyne Hastings HFC-302 with THPS-400 
controller) was used to control flow rates from the two cylinders, with downstream 
mixing generating a series of mixtures of different concentrations from 0ppm to the 
concentration in the relevant methane cylinder. 
5.1.3 Description of the frequency stabilisation scheme 
Frequency stabilisation of the laser was achieved by locking the laser operating 
frequency to a methane absorption line via current control in the following manner. The 
operating wavelength of the laser was set to roughly coincide with the methane 
absorption line by setting the temperature controller to approximately 420C and the 
current controller to approximately 65mA. Within the DFB module, light from the rear 
facet of the DFB fell onto a Ge photodiode that was enclosed in a standard TO can 
containing 100% methane. This served as a reference methane gas cell. The photodiode 
signal was amplified by a home made transimpedance amplifier before being fed to a 
lock-in amplifier (Stanford Research SR850) where it was demodulated at 18 kHz (the 
third harmonic of the modulating signal). The laser frequency was accurately set to the 
methane line by simultaneously observing the 2f and 3f signals whilst adjusting the 
operating current (2f signal is maximum at line centre and 3f signal is zero, Figure 5-4). 
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A feedback control circuit (its design, build and evaluation process is reported in 
Appendix C) was then turned on to maintain the laser operating frequency on the gas 
absorption line. The control circuit used the 3f signal as an error signal. The home made 
circuit had proportional, integral and derivative control actions and supplied a voltage to 
the current controller that had the effect of locking the laser frequency to the gas 
absorption line. 
 
 
Figure 5-4: Experimentally measured second and third harmonic WMS signals; at the gas line 
centre the 2f signal had maximum amplitude and 3f signal was zero. 
Figure 5-5 shows that the error fluctuation and drift in a free-running state, for which 
the PID control in the servo loop was switched off whilst the temperature was still 
stabilised, was reduced significantly when the PID control was on.  
 
Figure 5-5: The recorded error (3f) signal from the lock-in amplifier; in the first part the PID is off. 
The y-axis is error signal in mV and the x-axis is time. 
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The recorded voltage output from the lock-in amplifier has been converted into a 
frequency scale (Figure 5-6) by using the known methane line width and the tuning 
characteristics of the diode (determined in section 5.2).  
 
 
Figure 5-6: Graph of frequency jitter of the DFB laser under PID control over a period of 1 hour; 
the maximum deviation from the centre of the absorption line is less than 8MHz. 
 
This gives an approximate degree of frequency stability. The residual frequency 
fluctuations of approximately 100 MHz (Figure 5-5), due to the stabilisation limitation 
of the temperature controller, have been reduced to less than 8 MHz by the frequency 
locking technique employed here. It is clear also from Figure 5-5 that the high 
frequency noise is located on a sloping background, suggesting that both differential 
and integral corrections of this signal are necessary. The frequency stability achieved by 
previous workers were in the range 500 kHz to 2MHz (Table 2.8). 
An 8MHz jitter on the frequency signal would correspond to a potential uncertainty of 
8µA (using a typical DFB laser tuning coefficient of 1GHz/mA) in the position of the 
peak in Figure 5-4. The uncertainty in the 2f signal depends on the modulation index 
(the 2f peak broadens with increasing modulation index). 
5.2 Characterisation of the initial bench top demonstrator 
(MARK1) 
This section describes the laboratory characterisation and development of the initial 
bench top WMS gas detection system. The characterisation experiments include; 
determining the DC laser current and temperature tuning coefficients, the optimum 
modulation amplitude or modulation index and intensity-frequency (IM-FM) 
modulation phase shift. 
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5.2.1 Determination of the optimum current modulation amplitude  
The dependence of the amplitude of the peak 2f signal (the system output) on the 
modulation index (ratio of the HWHM of the line to the frequency modulation 
amplitude) was presented in chapter 2, Figure 2-19. This section reports two 
experiments that were conducted to determine the optimum frequency modulation 
amplitude.  
The experiments involved measuring the frequency modulation amplitude that 
maximised the 2f output as described below. 
In the first experiment, plots of the 2f signal as the wavelength was scanned across the 
gas absorption line for varying amplitudes of the 6 kHz modulation signal were 
recorded. The modulation amplitude was increased from an initial value of 100mV 
(2mA) to 1.3V (26mA) peak to peak in steps of 100mV (2mA). Figure 5-7 shows how 
the 2f signal waveform evolved with increasing modulation amplitude.  
 
Figure 5-7: Plots of the 2f signal against current for different modulation amplitudes. The 
amplitude of the 2f signal initially increases with modulation amplitude and then saturates at a 
modulation amplitude of 1.2V peak to peak. Broadening of the measured line shape also increases 
with modulation amplitude. 
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The peak of the 2f plot initially increased approximately linearly with increasing 
modulation amplitude. The rate of increase declined as the 2f approached its maximum 
value. Further increase of the modulation amplitude only resulted in broadening of the 
2f wave form and eventually a gradual decline of the amplitude of the 2f signal. The 
optimum modulation amplitude was then determined to be 12mA by inspection of 
Figure 5-7. 
The second experiment involved locking the laser frequency to the centre of the gas 
absorption line and recording the 2f peak value as the modulation amplitude was varied 
as described in the first experiment. The modulation voltage supplied to the current 
controller was converted to a current modulation amplitude by using the controller’s 
voltage to current conversion efficiency of 20mA/volt. 
Figure 5-8 shows a plot of the peak amplitude of the 2f signal against the current 
modulation amplitude (broken line) and the fitted theoretical curve (equation 2-21).  
 
Figure 5-8: Plots of the 2f signal against current modulation amplitude. 
The optimum modulation current amplitude was determined from inspection of Figure 
5-8 to be 12mA. 
5.2.2 Determination of the frequency vs current tuning coefficient 
The frequency against current tuning coefficient or frequency modulation coefficient of 
laser diodes, characterized by the parameter / iυ∆ ∆ (GHz/mA), where i∆  is the 
amplitude of the current modulation, is frequency dependent. The DC current tuning 
rate was determined from the slope of a plot of wavelength against current supplied by 
the manufacturer. The DC value is 0.66 GHz/mA at 25°C. This was confirmed from 
measurements obtained using a confocal spectrum analyser (Toptica, FPI 100). 
The FM coefficient at a 6kHz modulation frequency (this is the fundamental modulation 
frequency of the instrument) was determined using an experimental procedure that was 
developed by Schilt and Thevenaz[2]. The efficiency was determined experimentally 
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from the variation of the maximum of the second harmonic signal as a function of 
modulation amplitude i∆ applied to the laser (Figure 5-8). 
According to Schilt and Thevenaz[2] maximum 2f signal ( 2,maxs ) can be approximated 
by 
 
2
2,max 0 0 0 02 2 2
4 2 2
: for m = 2.2;  k = 0.343
1
m
s I a kI a
m m m
 
− +
= + = 
+ 
 (5-1) 
where I0 is the optical power at line centre and a0 is the absorbance at the same point. 
This relationship has been analytically verified to be equivalent to equation 2-17. The 
function 2,maxs reaches its maximum when the modulation index, m, equals 2.2.  
The procedure for determining the FM index involved measuring the maximum of the 
2f signal 2,maxs  as a function of current modulation amplitude i∆  (Figure 5-8).  
A proportionality coefficient K between modulation index m and the current modulation 
amplitude i∆  was determined from a fit of the experimental points by equation (5-1): 
 
mm K iνδν= = ∆   (5-2) 
where 
mν and δν are the modulation amplitude and the half width at half maximum of 
the absorption line respectively. The fitting coefficient K was estimated to be 0.172/mA. 
The FM depth was then determined from the known δν  of methane by using the 
relation 
 
1 1( ) 0.172 2.2 0.38K mA GHz GHzmA
i
ν δν − −∆ = = × =
∆
  (5-3) 
The optimum modulation amplitude (12mA) that was determined earlier in section 5.2.1 
can now be converted to the frequency scale (0.38 GHz/mA × 12mA = 4.56 GHz. The 
experimentally determined modulation index is therefore given by 4.56 GHz/2.2 GHz = 
2.1 ± 0.2 close to the theoretically predicted value of 2.2. 
5.2.3 Determination of the temperature tuning coefficient.  
The temperature tuning coefficient was determined in the following manner. The laser 
emission frequency was scanned across two methane absorption lines; the R3 and R4 
branches of the 32ν  band (Figure 5-9(a)), by tuning the laser temperature. The laser 
operating current was set to 50mA. The second harmonic signal was then recorded as 
the temperature was stepped from 25°C to 53°C with a resolution of 0.1°C. Figure 
5-9(b) shows the plot of the second harmonic signal against temperature that was 
obtained by temperature tuning the laser across the two methane lines shown in Figure 
5-9(a). 
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The laser temperature tuning coefficient can be estimated by assigning the accurately 
known wavelength positions of peaks of the absorptions lines shown in Figure 5-9(a) to 
the peaks of the 2f plot of Figure 5-9(b). The tuning coefficient is then given by 
 
1653.73nm 1650.96nm 0.116 0.005nm / C
51.9 C 28.1 C
−
= ± °
° − °
  (5-4) 
This can be expressed in terms of frequency as 12.8 GHz/°C. 
 
 
Figure 5-9: (a) Theoretical methane transmission lines (the R3 and R4 branches of the 32ν  band) 
obtained from the Hitran data base corresponding to 100% methane concentration in a path length 
of 1cm. (b) The 1651nm and 1654nm methane lines obtained by temperature tuning the DFB and 
monitoring the reference signal. 
5.2.4 Determination of the intensity-frequency modulation (IM-FM) 
phase shift  
In section Chapter 2, section 2.6.2, it was stated that in WMS, the detected signals are 
mainly due to the FM of the laser emission, whereas IM, often referred as RAM 
(residual amplitude modulation) in the literature, is an unwanted effect that distorts the 
signals. The level of distortion also depends on the IM–FM phase shift; therefore this 
parameter should be determined. The amplitude of the WMS signal detected at the nth 
harmonic varies periodically with the phase Φn of the lock-in detection. For each 
harmonic, the amplitude reaches maximum and minimum values at detection phases 
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Φn,max and Φn,min, respectively, that are directly proportional to the IM-FM phase shift 
ψ
[3]: 
 
,max ,n n kψ piΦ = +   (5-5) 
 
,min (2 1) / 2.n n kψ piΦ = + +   (5-6) 
The IM-FM phase shift ψ was experimentally determined by establishing the detection 
phase Φn,min that minimises the amplitude of the nth-harmonic signal: 
 
,min (2 1) / 2n k
n
piψ Φ − +=   (5-7) 
The evolution of the maximum WMS signals (1f and 2f) as a function of detection 
phase of a lock-in amplifier (Stanford research SR850) was measured and plotted 
(Figure 5-10). 
 
Figure 5-10: Evolution of the amplitude of the WMS signal as a function of detection phase. The 
IM-FM phase shift can be obtained from the difference in the position of the minima of two 
different harmonics[3]. Key: auk; arbitrary unit. 
 
From the plot, the minimal amplitude of the signal at two different harmonics, n1 and n2 
was determined, and the phase shift was obtained from the difference in the position of 
these minima by using the relation: 
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2 1
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The maximum amplitude of the 2f signal is obtained in the case of Φ2,max = 2ψ ± 180 
degrees 
0
0.2
0.4
0.6
0.8
1
-180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180
normalised
1f 
normalised
2f
Detection phase/degrees 
Pe
ak
 
W
M
 
Si
gn
al
/a
.
u
.
 IM- FM phase shift 
Ψ=10 degrees 
 5-116 
5.2.5 Summary of the characterisation experiments  
The WMS system parameters established in the above experiments are summarised in 
Table 5-1. These parameters will be referred to in the following sections. 
 
Table 5-1: Summary of experimentally determined system parameters 
PARAMETER VALUE 
Optimum modulation current amplitude 12mA 
D.C. frequency modulation coefficient 0.66GHz/mA 
Frequency modulation coefficient at 6kHz 0.38GHz/mA 
Temperature tuning coefficient 0.116±0.005 nm/°C 
IM-FM phase shift 10±0.7 degrees 
 
5.3 Investigation of interference effects in the system. 
Interference effects were observed on the reference photodiode background signal 
during an experiment to determine the temperature tuning coefficient of the DFB 
module (section 5.2.3, Figure 5-9). The aim of this section is to investigate the source of 
the interference effects.  
For convenience, Figure 5-9 is presented again here as Figure 5-11(a). The background 
signal (expanded in Figure 5-11(b)) appears to be modulated, consistent with the 
presence of interference effects. 
 
Figure 5-11: (a) The 2f harmonic signals corresponding to the 1651nm and 1654nm methane lines 
(the R4 and R3 methane lines of the 2v3 band) obtained by temperature tuning the DFB and 
monitoring the reference signal. (b) Expansion of (a) showing modulated background signal. The 
fringe spacing was approximately 1±0.2°C. 
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The interference fringe signal was observed to be repeatable. Figure 5-12 shows plots of 
the background signal obtained successively at intervals of at least five minutes. 
 
Figure 5-12: Plots of reference photodiode background signal obtained successively, separated by at 
least 5minutes. The signal was observed to be repeatable in the short term (5 minute intervals). 
 
The fringes could be due to reflections from optical components within the laser module 
or external to it. There are two candidate mechanisms for generating the interference 
fringe; a Fabry-Perot etalon created by a pair of reflective optical components in the 
optical system (see Chapter 2; section 2.7.1 for more detail) or the self mixing effect 
(low optical feedback regime, see Chapter 2; section 2.7.2 for more detail). The 
following paragraphs describe the procedure that was taken to determine the 
components responsible for the observed fringes and the mechanism by which the 
fringes were generated. 
The period of the fringe signal shown in (Figure 5-11(b) was used to determine the 
separation between the reflective surfaces giving rise to the fringes. The length L of the 
cavity (or external lasing cavity in case of self mixing) was calculated from the number 
of fringes in a given temperature span and from the temperature tuning coefficient (the 
relationship is valid for both Fabry-Perot cavities and the self mixing effect) 
 
2
cL
n ν
=
∆
  (5-9) 
where c is the free space speed of light and ∆ν is the fringe spacing, n is the refractive 
index of the cavity (n =1 for air spaced cavity). The fringe spacing was found to be 
0.714°C (12 peaks in a span of 10°C), corresponding to an etalon spacing of 14±2mm. 
The contribution of reflections from external components to the observed signal was 
ruled out after it was observed that the fringe signal was still detectable on the 
photodiode background signal after the removal of the external components. This was 
taken as confirmation that the fringe signals were generated within the DFB module 
itself. The following section reports experiments investigating interference effects in the 
DFB package. 
-0.01
-0.005
0
30 32 34 36 38 40
3rd scan
2nd scan
1st scan
Temperature/°C 
2f
 
ba
ck
gr
o
u
n
d 
sig
na
l/V
 
 5-118 
5.3.1 Investigation of Interference effects in the DFB module 
The DFB module (Figure 5-1(b)) was examined to identify the reflective surfaces that 
could give rise to interference effects. 
An aspheric lens (Light path 350230D with a back focal length or working distance of 
2.91mm, centre thickness of 2.94mm and an AR coating with a reflectivity of < 0.2% at 
1651nm) is the only component in the path of the forward emission. Due to the 
distances and the curvature of the lens surface, it was considered that the source of the 
reflections was less likely to be in the forward path. A strong possibility was thought to 
be reflections from components in the path of the rear facet emission; in particular the 
photodiode chip or window (spacing of 11.9mm, Error! Reference source not found.). 
Due to the fragile nature of the components involved it was difficult to verify that these 
were the surfaces responsible by the usual means (e.g. changing the effective optical 
cavity length and observing the effect on the fringes) as there was a possibility of 
permanent damage to the laser module.  
The next step that was taken was to establish the mechanism by which the fringes were 
being generated (i.e. self mixing or Fabry-Perot etalon). 
5.3.2 Establishing mechanism generating fringes (self mixing or 
Fabry-Perot etalon)  
Although the analytical treatment of fringes due to a Fabry-Perot etalon and self mixing 
is similar, the potential implications for the gas detection system would be more severe 
in the latter case. This is primarily due to the fact that if fringes were due to a Fabry-
Perot cavity in the rear facet emission path, they would be present on the monitor 
photodiode signal only and not on the front facet emission. Therefore one solution to the 
problem would be not to use the integral reference cell. A beam splitter could be used to 
sample and direct a portion of the main beam to an external reference cell as 
conventionally implemented in many WMS systems. On the other hand if the fringes 
were caused by self mixing, they would be present on the front facet emission as well. 
This would rule out the solution described above if the fringes can not be eliminated. 
This is why it was imperative to establish the mechanism by which the fringes were 
generated. 
As Fabry-Perot etalons are created between parallel reflective surfaces, angling the 
monitor photodiode with respect to the laser facet would result in reduction or 
elimination of the interference fringe signal, if this was the etalon giving rise to the 
fringes. However, angling of the reference cell with respect to the laser chip did not 
result in significant reduction of the visibility of the fringes. Figure 5-13 shows plots of 
the background photodiode signal obtained for a varying degree of tilt applied to the 
reference cell.  
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Figure 5-13: Normalised background signals obtained for different degrees of angling of the 
photodiode. Angling did not result in significant reduction of the visibility of the fringes. 
 
This is consistent with the fringes not originating from an etalon where the reference 
gas cell is one of the parallel reflective surfaces. It should be pointed out that this 
experiment was made difficult by the diverging nature of the rear facet emission and the 
close proximity of the components involved.  
As there are no other reflective parallel surfaces in the rear emission path with a spacing 
consistent with the fringes, a plausible explanation for the fringes is that the fringes are 
formed by self mixing due to back scattered light entering the laser cavity. The presence 
of the fringes of the same period on the main output beam would provide additional 
support for the self mixing case. The presence of the fringes on the main output beam 
was next investigated as described below. 
An amplified detector (Thorlabs PDA400) was placed in the path of the main output 
beam (Figure 5-14).  
 
 
Figure 5-14: Schematic diagram of the experimental set up for investigating the effect of 
interference effects within the DFB module on the performance of the instrument. 
 
Precautions were undertaken to prevent light backscattered or reflected from the 
detector from being coupled into the laser cavity. The distance between the laser and 
detector was 343mm. The detector signal was fed to a lock-in amplifier for second 
harmonic detection. 
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Interference fringes with the same period as those observed at the reference monitor 
photodiode were observed. Shown in Figure 5-15 (a) and (b) are fringes observed as the 
laser temperature and current were tuned respectively. 
 
Figure 5-15: Plots showing modulation of the background signal without external feedback. The 
plots were obtained with the detector located 343mm from the emitter. Plots obtained by (a) 
temperature tuning the laser and (b) current tuning the laser. 
 
This can be taken as further evidence that the fringes could be attributed to the self 
mixing effect rather than to a Fabry-Perot cavity as they are present on both the rear and 
front facet emissions of the laser. Wherever the cavity was (forward or rear path), only 
in the self mixing case would the fringes be visible in both the forward and rear 
emissions 
The results of the investigations so far are consistent with the rear photodiode being the 
source of the observed fringes (from the calculated fringe spacing). The presence of the 
fringes on both the rear and front facet emission and the fact that misaligning the 
reference cell with respect to the laser chip did not result in significant reduction of the 
fringe visibility can be taken as evidence to support the hypothesis that the fringes are 
generated through the self mixing effect rather a Fabry-Perot etalon.  
Due to the importance of the implications of self mixing fringes for TDLAS based gas 
sensing, the topic of self mixing was extensively investigated. This included 
investigations of self mixing effects due to diffuse reflections. The results of the 
investigation are reported separately in chapter 6. 
In the following section an evaluation of the effects of the interference effects on the 
performance of the instrument is reported. 
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5.3.3 Evaluation of the effect of the interference effects in the DFB 
module on the performance of the instrument  
The aim of this section is to establish the influence of interference fringes generated in 
the DFB module (Semelab) on the performance of the initial benchtop instrument. The 
effect of the interference fringes generated in the DFB module on instrument 
performance was investigated using the experimental set up shown in Figure 5-14.  
 
 
Figure 5-16: Schematic diagram of the experimental set up for investigating the effect of 
interference effects within the DFB module on the performance of the instrument. 
 
A 10cm gas cell with wedged and AR coated windows was used for the investigations. 
Precautions were taken to prevent external feedback. Such measures included locating 
the detector and the cell at distances greater than 1 metre from the laser diode.  
The gas cell was filled with 505ppm methane. Plots of the demodulated 2f signal and 
the background ((i) from the detector with the cell evacuated and (iii) from the monitor 
photodiode) were obtained by scanning the laser frequency across the gas absorption 
line. The frequency sweep was achieved by ramping the laser current from 30-80mA 
(approximately 26GHz range). As the monitor photodiode is enclosed in a TO18 can 
containing methane, the monitor photodiode background signal was obtained by setting 
the laser operating temperature such that the emission wavelength was “off” the gas 
absorption line (in this case 40°C).  
Figure 5-17 shows plots of the 2f signal and the background recorded at the detector. 
The 2f signal has a significant offset and is distorted.  
The offset and the distortion were removed by subtracting the background signal from 
the 2f signal (Figure 5-17). The period of the fringes on the background signal is 
comparable to that of fringes observed on the reference photodiode (Figure 5-18).  
By comparing the background signals recorded at the detector with and without the gas 
cell, it was established that the contribution of the gas cell to the fringes observed at the 
detector was below the level of the fringes generated in the module and therefore could 
not be measured directly. The detection sensitivity is therefore expected to be limited by 
the fringes generated in the module rather than those created by the gas cell.  
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Figure 5-17: Plots of the 2f and background signals obtained from a 10cm gas cell containing 
505ppm methane. Detector gain was 0dB. The lock-in amplifier time constant was 300ms. Laser 
temperature was 28.5°C. DFB module. 
 
 
Figure 5-18: Plots of the photodiode and 10cm cell background signals. In both cases the 
background is dominated by interference effects within the DFB module. 
 
For concentrations above 100ppm the output of the instrument was linear (Figure 5-19). 
 
Figure 5-19: Plot of 2f signal against methane concentration for the DFB module. Time constant 
was 1 second. Detector (Thorlabs, PDA400) gain was 0dB (15kV/A). 
 
However, as expected, at low concentrations, both the background and the measured 
signal were subject to drift (Figure 5-20).  
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Figure 5-20: Plots of the 2f signal recorded for a series of 50ppm methane bursts, illustrating that 
the gas signal is affected by fringes in the module. The drift on the main channel is similar to the 
drift on the ref channel.  
The following section describes efforts that were taken to reduce the amplitude of the 
fringes generated in the DFB module. 
5.4 Evaluation of a revised benchtop demonstrator (MARK2) 
As discussed in the previous sections, a number of revisions to the experimental 
configuration shown in Figure 5-2 were required to improve the performance of the 
system. The main changes are summarised below; 
1. Removal of optical fibre: fibre was initially used in the system for its perceived 
convenience or flexibility in guiding the laser emission to the gas cell. However 
the efforts required to suppress interference effects due to Fabry-Perot Etalons 
and optical feedback in the fibre coupling system outweighed the benefits 
(experiments reported in Appendix D. Therefore fibre was removed from the 
system. 
2. Modifications to the DFB package. 
a. Removal of the integral reference gas cell. This was thought to 
contribute to the fringes investigated in 5.3.  
b. Covering of reflective surfaces in the DFB module with absorbing 
material. 
3. Use of external gas reference cell; the integral reference photodiode removed 
from the DFB package was used as an external reference cell. 
The revised experimental setup is shown in Figure 5-21. A portion of the laser emission 
was sampled by a beam splitter and directed to photodiode enclosed in a T018 can for 
frequency stabilisation as described in 5.1.3. The beam transmitted through the beam 
splitter fell onto the detector after passage through the gas cell. 
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Figure 5-21: Scheme of the revised experimental set-up used with the DFB laser.  
 
The following section reports a series of experiments that were conducted with the aim 
of reducing interference fringes generated in the DFB module. 
5.4.1 Reduction of self mixing fringes in DFB module 
Two main modifications were made to the DFB module in an attempt to reduce the 
interference fringe signal generated within the DFB module. The source of the fringes 
was suspected to be reflections from components in the path of the rear facet emission. 
The first modification involved removal of the monitor diode and second modification 
was to cover the reflective surfaces of the module with an antireflective material. 
In a first experiment, the background signal at the detector (with reference to Figure 
5-21, with the 10cm gas cell and the reference channel removed) obtained prior to the 
removal of the photodiode was compared to the background signal obtained after the 
removal (Figure 5-22). The background taken before removal of the photodiode (plot 
(a)) appears as if it is a superposition of more than one frequency component. This 
could be expected as there are at least three reflective components in the path of the rear 
facet emission, namely; the T018 can window, the monitor photodiode facet, and the 
back end of the laser module. 
Upon close inspection of (Figure 5-22), it appears that removal of the photodiode 
resulted in a minor reduction of the amplitude of the background signal and a change in 
the appearance of the waveform (to just one distinct frequency component). A possible 
explanation is that there was only one dominant reflective surface in the optical path i.e. 
the gold finish on the back end of the case of the module. If this were the case, a 
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reduction in the effective reflectivity of the back end of the module would lead to a 
reduction in the visibility of the fringes. 
 
Figure 5-22: Plots of background signals obtained at detector. Plot (a) obtained with the reference 
gas cell in place. Plot (b) obtained with the reference gas cell removed Detector gain (Thorlabs 
PDA400) was 0dB (15kV/A). The lock-in amplifier time constant was 100ms. 
 
This was tested in a second experiment by attaching an absorbing material onto the back 
surface of the module’s case. Figure 5-23 shows a comparison of plots of the 2f 
demodulated signal recorded at the detector with and without the absorbing material.  
 
Figure 5-23. Plots of background signals recorded at detector A while an absorber was placed at 
the rear of the laser module and then removed. Detector gain was 0dB. The lock-in amplifier time 
constant was 100ms.  
 
The first half of the plot was recorded with the absorber in place and the absorber was 
withdrawn for the later half of the signal acquisition. Reducing the effective reflectivity 
of the back end of the module’s case by the use of the absorber resulted in an apparent 
reduction the amplitude of modulation of the background signal, confirming the 
hypothesis that the fringes are caused by backscattering from the components in the 
path of the rear facet emission.  
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In section 5.3, it was found that the contribution of the gas cell to the background 
signals could not be measured directly because it was below the level of the signal due 
to interference fringes from the DFB module. The experiment was repeated in the case 
of the modified DFB module. With reference to Figure 5-21, the detector background 
signal was recorded with the evacuated 10cm cell in place whilst the laser current was 
ramped from 45-80mA (approximately 23GHz). The result is shown in Figure 5-24.  
 
 
Figure 5-24: Plots of background signals recorded at detector B whilst the laser current was 
ramped from 45-80mA (approximately 23GHz). Detector gain was 0dB. The lock-in amplifier time 
constant was 1s. 
 
Interference fringes with a period of 76 ± 23mm were observed. The fringes were only 
detectable for particular orientations of the gas cell. This is consistent with the fringes 
being caused by a residual Fabry-Perot cavity created between the two opposing 
windows of the 10cm cell. It is therefore expected that the detection sensitivity of the 
revised demonstrator would be limited by the stability of the mechanical alignment of 
the optical components and the gas cell.  
The following sections reports experiments conducted to establish the detection 
sensitivity of the revised demonstrator. 
5.4.2 Evaluation of the revised system  
In an experiment to determine the detection limit of the system, the laser diode output 
was locked to the methane line and the 2f-demodulated output was recorded whilst 
different methane concentrations (0ppm, 25ppm and 50ppm) were delivered to the cell. 
Figure 5-25 shows the 2f demodulated output plotted as a time series against different 
methane concentrations.  
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Figure 5-25: Plot of 2f signal showing short term drift in the instrument output. Time constant of 
the lock-in amplifier was 1 second. Detector (Thorlabs, PDA400) gain was 0dB (15kV/A). 
 
The detection limit was estimated from calculations presented in Table 5-2 using data 
from the first 12.5 minutes of Figure 5-25 to evaluate short term noise and from the 
entire experiment to determine longer term drift. 
Table 5-2: Signal to noise ratio calculations for data shown in Figure 5-25.  
Concentration/ppm 50 25 
Calibration factor 152ppm/mV 139ppm/mV 
 mV ppm mV ppm 
Mean 0.33 50 0.18 25 
Standard deviation (1σ) 0.02 3.04 0.013 1.81 
SNR1a 16.2  14.3  
SNR2b 36  19.8  
Short term drift- 5minutes 3ppm 
Long term drift-
30minutes 11ppm 
Response time t90 <10 seconds 
Dynamic range 0ppm-2.5% 
 
a SNR1 was calculated by dividing the background corrected methane signal by its 
standard deviation.  
b SNR2 was calculated by dividing the background corrected methane signal by the 
standard deviation of the background. 
c Cell volume = 5.1×10-3L 
 
Figure 5-26 shows the 2f demodulated output plotted against different methane 
concentrations in the range 0-50ppm. 
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Figure 5-26: Plot of 2f signal against concentration for DFB. Time constant was 1 second. Detector 
(Thorlabs, PDA400) gain was 0dB. 
 
Residual noise and drift in the detected signal is attributed to the residual etalon and self 
mixing effects described above. 
In summary, the detection limit of the MARKI demonstrator was limited by interference 
fringes generated in the DFB module. The fringes were caused by light 
backscattered/back reflected from components in the path of the rear facet emission. 
The magnitude of the fringes was reduced in MARK2 by removing the integral 
reference cell in the module and covering the reflective surfaces in the path of the rear 
facet emission. 
5.5 Discussion and Conclusion  
In this chapter the design, build and evaluation of the performance of a bench top WMS 
methane gas sensor has been reported. The target sensitivity of the instrument was 
2ppm corresponding to the UK’s background methane concentration.  
The performance of the MARKI instrument was limited by interference effects from the 
fibre coupling system (feedback effects and etalon effects) and from the DFB module 
(self mixing effect). After removing the fibre and modifying the DFB module, a 
detection sensitivity of 3ppm was achieved in 10cm gas cell for a demodulation time 
constant of 1 second. The detection limit was set by residual interference effects from 
the laser module and the gas cell. A long term drift of 11pm was recorded. 
The effects of interference fringes due to Fabry-Perot etalons on the sensitivity of 
TDLAS is well known. In the experiments it was found that fringes due to the self 
mixing effect were equally if not more problematic. It was therefore surprising to find 
no systematic study of the implications of self mixing effect on TDLAS based sensors 
in the literature. Due to the importance of the subject, an extensive study of the self 
mixing effect was conducted and is reported in the next chapter. 
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Chapter 6 Self mixing interference fringes 
 
The theory of interference effects caused by weak optical feed back in semiconductor 
lasers was presented in section 2.7.2. For convenience, a summary is presented in 6.1.2. 
This chapter reports observations of self-mixing induced spectral features in the 
measured absorption spectra for TDLS based gas detection. The features were almost 
identical in appearance to Fabry-Perot interference fringes and created equally 
problematic measurement uncertainties that limited detector performance.  
The self mixing interference effect was observed in the laboratory gas detection 
instrument reported in Chapter 5 as well as in a commercial prototype instrument 
employing a VCSEL (Vertical Cavity Surface Emitting Laser) diode. 
Experiments involving the commercial prototype instrument were conducted in 
collaboration with IR Microsystems (IRM), originally a spin-off company from the 
Federal Institute of Technology (EPFL) in Lausanne, Switzerland. IRM is now part of 
Leister Process Technologies, Switzerland. The experiments were conducted at IRM 
premises (EPFL science park, Lausanne) and are reported in section 6.3. 
To the author’s knowledge, a systematic study of self-mixing interference has not been 
previously reported in TDLS. However, it is likely to have been previously observed 
because (i) the effect is difficult to distinguish from etalon – induced interference 
fringes, and (ii) as it is shown, it can arise in a greater range of circumstances than is the 
case for etalons. In particular, this phenomenon is particularly relevant to the use of 
diffusely reflective surfaces within gas cells, the focus of the next chapter.  
Before presenting the experimental results, a brief summary of the theory of 
interference effects due to low finesse Fabry-Perot etalons and self mixing is outlined 
below. 
J. Hodgkinson* made a significant contribution to the following sections presented in 
this chapter: Summary of theory in 6.1, analysis of the results presented in 6.2.5 and 
6.2.7 and the summary section presented in 6.4. The results reported in 6.3 were 
obtained in collaboration with Dr Stephane Shilt†. 
                                               
*
 Research supervisor 
†
 Project manager at IR Microsystems (IRM). Originally a spin off company from Federal Institute of 
Technology (EPFL) in Lausanne, Switzerland. IRM is now part of Leister Process Technologies, 
Switzerland. 
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6.1 Brief summary of theory of interference from low finesse 
etalons and self mixing 
6.1.1 Interference from low finesse etalons 
Low finesse Fabry-Perot etalons within the optical path give rise to an intensity 
modulation that takes the form[1]; 
 { }δKII cos10 +=  (6-1) 
where I0 is the incident intensity, K is a constant whose value lies between zero and one 
and δ is the optical phase of the cavity of length d, with δ=4pid/λ for a double pass (see 
Figure 6-1) and λ is the wavelength. The value of K is proportional to 21rr , where r1 
and r2 are the reflectivities of the two surfaces forming the etalon. If the reflectivities of 
the two surfaces are equal, as might be expected in the case of windows, K varies in 
proportion to r.  
 
Figure 6-1: A low-finesse etalon in the optical path of a detection system; the partially reflective 
surfaces are often the windows of the gas sample cell. 
The light reflected from the cavity is also modulated, such that it is out of phase by 180° 
in δ with respect to the transmitted intensity. The total level of light emitted from the 
diode (transmitted + reflected) is unchanged, as is the voltage across the laser diode at a 
given drive current. 
6.1.2 Self-mixing interference 
If a fraction of light backscattered or back reflected from optical components or a 
remote target is coupled into the laser cavity, modulation of both the amplitude and 
frequency of the lasing field can be generated[2]. Relative motion between the laser and 
the remote target or tuning the laser by ramping the injection current or operational 
temperature will result in generation of signals that are periodic in the optical phase 
difference.  
This modulation can be monitored on the output from the rear facet, using the monitor 
photodiode which is often to be found in the laser diode package (Figure 6-2).  
The laser output intensity takes the form  
 
( )δmII cos10 +=  (6-2) 
d 
photo-
detector 
Partially reflective surfaces 
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where I0 is the output power from the diode in the absence of feedback, I is the 
modulated power output in the presence of feedback and m is a modulation index. m is a 
function of the so-called feedback parameter C (dependent on the characteristics of the 
laser) and, for very weak feedback, proportional to r  where r is the proportion of light 
reflected back into the laser diode. 
 
 
Figure 6-2: Typical schematic configuration for measurement of deflection using laser diode self-
mixing. After Giuliani et al[2]. 
 
This form of the intensity modulation is therefore indistinguishable from that in 
equation 6-1, but the effects differ from those of etalon interference in two ways. 
Firstly, the result is a modulation of output intensity of the diode rather than of the 
intensity of light transmitted or reflected from the interfering cavity. Output from the 
rear facet is also modulated with a 180° phase change in δ, compared to the front facet. 
Secondly, while the laser drive current is ramped, a modulation can also appear on the 
voltage across the diode.  
For a perfect Lambertian diffuse reflector, the level of light returned into a small solid 
angle δΩ is given by 
 ( ) Ω2cos1
4
3
0
δθF
piI
Iδ
r +==  (6-3) 
F is the fraction of light backscattered in total by the diffuser (=0.99 for SpectralonTM 
and similar materials, as used in our experiments) and θ is the angle that the collection 
axis makes to the normal to the surface. 
The following sections report experiments investigating the self mixing effect and its 
implications for TDLAS based gas absorption measurements.  
6.2 Summary of experiments reported in this chapter.  
The benchtop demonstrator described in section 5.4 was used for the experiments 
reported in this section. 
A brief outline and justification for the experiments reported in this chapter follows; 
a. Detection of the self mixing effect using a monitor photodiode enclosed in laser 
diode package as a means of distinguishing between fringes due to Fabry-Perot 
etalons and the self mixing effect. 
d 
monitor 
photodiode 
 
External 
reflective surface 
laser 
diode 
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b. Detection of the self mixing effect using the voltage drop across a laser diode as 
an alternative method to (a) where the laser package does not include a monitor 
photodiode. 
c. Determination of the magnitude of self-mixing interference caused by a specular 
reflection from a 6° wedged, AR coated window. 
d. Feedback from a diffuse reflector (SpectralonTM) placed in the output beam at a 
range of distances from the laser diode. This is to show that the self mixing 
effect can arise from diffuse reflections as well as specular reflections. 
e. Observations of self mixing in a VCSEL as confirmation that VCSELs are also 
susceptible to the self mixing effect. 
f. Gas absorption measurements made in the presence of deliberately induced self 
mixing interference fringes. The purpose was to determine the amplitude of the 
self mixing fringes relative to the gas absorption signal. 
g. Observations of interference effects (possibly caused by self mixing) in a 
commercial prototype instrument. To emphasise the significance of the 
implication of self mixing effect in the design of TDLAS based gas sensors. 
6.2.1 Experimental setup 
Figure 6-3 shows a schematic diagram of the laser diode modulation and detection 
apparatus, in this case configured for measurement of self-mixing modulation of the 
rear emission from the DFB laser diode. 
 
Figure 6-3: Schematic experimental configuration for 2f wavelength modulation spectroscopy, in 
this case measuring the output from the rear facet of the DFB laser in order to distinguish self-
mixing interference. KEY; ref: reference signal. 
 
A detector / amplifier (Thorlabs PDA400) was used to detect the forward emission from 
the laser diode, with a gain of 0dB (15kV/A). A lock-in amplifier (Stanford Research 
SR850) was used for 2f demodulation; its output voltage sampled using a data 
acquisition card and transferred to a PC for data processing. In the absence of gas, a 
reference measurement showed a rising output intensity with current, as expected. In the 
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presence of methane, at the absorption line centre a depression was observed 
corresponding to the scale of the absorption. The peak absorption was measured by 
subtracting the received signal from the reference and normalising to the reference 
intensity. Single mode operation of the laser diodes used was confirmed using a 
confocal optical spectrum analyser (Toptica FPI100, FSR = 1GHz, Finesse >100). 
Test gases were fed to the sphere from two certified cylinders (Scott Specialty Gases), 
one containing hydrocarbon (HC) free air and the other containing 1010ppm methane. 
A bank of mass flow controllers (Teledyne Hastings HFC-302 with THPS-400 
controller) was used to control flow rates from the two cylinders, with downstream 
mixing generating a series of mixtures of different concentrations in the range 
0-1010ppm. 
The DFB laser emitted wavelength was scanned across the gas absorption line centre by 
applying a current ramp through a driver (ILX Lightwave, ILX LDC-3722B), the 
current varying between a minimum of 30mA and a maximum of 80mA (corresponding 
to a frequency range of 33 GHz). A sinusoidal dither was also applied at a frequency of 
6 kHz and an amplitude of 24mA (peak to peak); giving a modulation λm of 6 GHz. 
Gross wavelength tuning was achieved by controlling the diode temperature using a 
Peltier element within the package.  
For experiments using the 1686nm VCSEL (Vertilas, VL-1686-1-SP-A5 housed in a 
TO can with angled and AR coated front window), the ILX laser diode controller was 
replaced with a high precision current controller (Thorlabs LDC 200 VCSEL) and a 
temperature controller (Thorlabs TED 200). The modulation of the VCSEL current was 
achieved by supplying the current controller with a 6 kHz sine waveform from a signal 
generator (Hewlett Packard HP33120A). A ramp signal (2.5V peak to peak) derived 
from a second signal generator (Stanford Research DS345) was used to scan the laser 
DC current from 6mA to 8mA corresponding to a frequency range of approximately 
80GHz. 
6.2.2 Confirmation of the self mixing behaviour.  
Figure 6-4 shows the experimental set up that was used to confirm the behaviour of 
interference effects due to self mixing. 
 
Figure 6-4. Scheme of the experimental set-up used with the DFB laser. Key: B.S; beam splitter 
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A fraction of the main beam (approximately 1%) was sampled by a beam splitter and 
directed to a confocal optical spectrum analyser (Toptica FPI100, FSR = 1GHz, Finesse 
>100) or a detector (detector A, Thorlabs PDA400). The output power of the module 
was approximately 14mW @ 28.5°C and 65mA. A slight tilt was applied to the 
spectrum analyser/ detector A to direct the reflected beam away from the DFB laser. A 
wedged window (10°, deviation angle) was placed in the path of the transmitted beam 
(128mm from laser, Figure 6-4). A fraction of back reflected light from the wedged 
window was sampled by the beam splitter and directed to a second detector (detector B, 
PDA400). After amplification, the signals detected by the reference monitor 
photodiode, detector A and detector B were then demodulated (2f).  
Interference effects due to self mixing signals are carried by the laser emission and are 
therefore expected to be detected at the reference monitor photodiode as well as at 
detectors A and B. On the other hand, fringes caused by a classical etalon formed 
between the wedged window and a second surface in the DFB module would not be 
detected at the monitor photodiode. The results are plotted in Figure 6-5.  
 
Figure 6-5: Background interferometric signals obtained due to feedback from a wedged window 
placed 128mm away from laser (a) the reference signal; transimpedance gain = 100kΩ. (b) Detector 
A signal; gain =0dB. (c) Detector B signal; gain =30dB.The laser temperature was set at 40 degrees 
(off the gas line). Note different scales. 
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Interference fringes (high frequency fringes superimposed on an underlying lower 
frequency period) were observed at all the 3 detector locations. The low frequency 
fringes are consistent with self mixing effects within the module, previously reported in 
5.3.1. The period of the high frequency fringes was used to estimate the “cavity” 
spacing responsible for their generation (Table 7-2). 
 
Table 6-1: Quantitative analysis of the self mixing interference fringes.  
 Monitor photodiode Detector A Detector B 
Current range / mA 30-70 30-70 30-70 
No of fringes 25±2 25±1 25±1 
calculated cavity 
length dcalc  
142±11mm 142±6mm 142±6mm 
Measured distance 
between laser and 
wedged window 
128±5mm 
 
The presence of the high frequency fringes at the 3 detector locations is consistent with 
the self mixing effect. 
 
6.2.3 Use of the voltage across a DFB laser to detect the self mixing 
effect 
Typically a monitor photodiode enclosed in laser diode packages is used as the sensor 
for the rear facet emission which is directly proportional to the front facet emission. 
However, many packages (including VCSELs and DFBs for TDLAS) are supplied 
without a monitor photodiode. In such a case, it is difficult to distinguish between 
fringes due to self mixing and a Fabry-Perot etalon. It has been reported in the literature 
that the self mixing signal can also be detected across the laser diode voltage[3]. This 
section reports an experiment conducted to detect the self mixing signal utilising the 
voltage drop across the DFB laser diode. 
Using the voltage drop across the laser diode to detect the self mixing effect results in a 
lower signal to noise ratio compared to using the monitor photodiode. As a result it was 
found necessary to increase the amount of optical feedback. A retro reflective tape was 
used in place of the wedged window to give a stronger back reflected intensity. 
The voltage measured across the laser diode was fed directly to the lock-in amplifier. 
The voltage and the rear emission (monitor photodiode signal) were measured during 
consecutive experiments (it was not practical to measure these parameters 
simultaneously with the set-up). In both cases, for increased sensitivity the 2f 
component of the signal was recorded, and the lock-in amplifier phase was set so as to 
reduce the dc component of the voltage signal. To ensure that the voltage signal was not 
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directly caused by the laser current modulation at f, a control experiment was conducted 
in the absence of external feedback. 
Figure 6-6 shows the correspondence between 2f components of the voltage signal and 
the signal received by the monitor photodiode.  
 
 
Figure 6-6: Comparison of the magnitudes of 2f signal components for self mixing conditions, (a) in 
the laser diode output, (b), (c) on the laser diode voltage, and (d) on the laser diode voltage in a 
control experiment with no external feedback. 
 
This experiment confirms that the self-mixing interference effect can be observed as a 
small modulation of the laser diode voltage while ramping the drive current. However 
the detected signal is smaller in magnitude compared to the signal detected at the 
monitor photodiode. In the experiment the magnitude of the signal detected at the 
monitor photodiode was approximately 100 times larger than the signal detected on the 
voltage drop across the laser diode. The voltage modulation showed good 
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correspondence with the modulated output intensity and increased its pitch with 
decreasing cavity length, as expected.  
 
6.2.4 Self mixing fringes arising from feedback from a wedged, AR 
coated window  
An experiment to confirm that the magnitude of self-mixing interference fringes behave 
according to equation (6.2) was conducted. A 6° wedged, AR coated window (Thorlabs 
PS812-C) was used as the external reflector. This type of window is routinely used in 
gas absorption cells to reduce the intensity of specular reflections that might give rise to 
etalon effects. Typically, the secondary reflection from the window is aligned away 
from the optic axis. In this case, a worst case scenario in which the reflection from the 
front face was directed straight back to the laser diode, was considered. The AR coating 
had a specified reflectivity of approximately 0.4% at 1650nm. A comparison was made 
with an uncoated window, whose reflectivity was estimated to be 4% (using a refractive 
index value of 1.5 at 1650nm for BK7 glass). The 2f component of the signal from the 
monitor diode was recorded while increasing the laser drive current. To observe weak 
feedback with a high signal to noise ratio, the forward emission from the laser diode 
was monitored using a pellicle beam splitter (Thorlabs BP245B3, 45:55) and a high 
sensitivity detector (Thorlabs PDA400) as shown in Figure 6-7. 
 
 
Figure 6-7: Schematic diagram of experiment to measure the effect of feedback from a wedged 
window. The pellicle beam splitter allowed separation of the forward emission from the window 
reflection. 
 
A modulation was seen on the forward emission, shown in Figure 6-8. The fact that this 
modulation was observed on the full diode emission, yet depends on the cavity spacing 
in the forward path, confirms that we observed self-mixing induced interference rather 
than etalon – induced interference.  
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Figure 6-8: Self-mixing induced interference fringes observed in the laser diode forward emission 
for feedback from (a) an uncoated 6° wedged window at a distance of 154mm, (b) an AR coated 6° 
wedged window at a distance of 154mm, and (c) the latter at a distance of 227mm. 
For self mixing interference, the magnitude of the modulation is expected to vary with 
r , as shown here. At a distance of 154mm, reducing the surface reflectivity by a 
factor of approximately 10 has reduced the fringe amplitude by a factor of 2.5, in line 
with the expectation of a factor of 3.3. Increasing the distance to 227mm reduced the 
amplitude by a further factor of approximately 3, which may be a combination of two 
effects; (i) additional divergence of the laser beam, which at this distance had a diameter 
of approximately 6±2mm, and (ii) the additional effect of wavelength modulation 
averaging out narrower fringes from the larger cavity.  
At a distance of 154mm, the fringe amplitude corresponded to a gas concentration of 
±900ppm in a 100mm path length. Assuming equation (6.2) holds, to detect methane at 
the level of 1ppm would require reducing the level of feedback to below 1 part in 108. 
6.2.5 Self mixing effects cause by diffuse reflections  
In recent years, there has been increased interest in using diffusely scattering surfaces in 
TDLS[4]; for example in laser pointer style gas sensors where the light is backscattered 
from the surface topography[5-7] and the use of integrating spheres[8,9] where the source 
can be directly mounted onto the sphere and therefore get exposed to weak optical 
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feedback. Therefore self mixing from diffuse reflections may have an impact on the 
design of such instrument. 
Self mixing interference signals were recorded using the DFB monitor photodiode, for 
the case of feedback from a diffuse reflector (SpectralonTM) placed in the path of the 
output beam at a range of distances from the laser diode. A sample of the results is 
shown in Figure 6-9. The modulation observed in the absence of external feedback is 
consistent with the findings of section 5.3.1 (fringes corresponding to a “cavity” of 
approximately12mm in the DFB module were reported). 
Further experiments were conducted for d values covering the range 38mm – 268mm 
(see Table 6-2). For each recorded spectrum, the output was normalised. The fringe 
spacing was determined by counting fringes over a defined spectral region. The results 
are shown in Figure 6-10 and compared to the predictions of equation (6.2).  
 
5  
Figure 6-9: Self mixing modulation of the output from the DFB monitor photodiode by feedback 
from SpectralonTM. (a) No external feedback, (b) d = 38mm, (c) d = 76mm, (d) d = 131mm. 
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Figure 6-10: Results of self-mixing feedback from a diffuse reflector: distance estimated from fringe 
count versus measured experimental distance from reflector to laser diode.  
Table 6-2: Quantitative analysis of the self mixing interference fringes. 
Distance dexp 
from diffuser to 
laser /mm 
38 + 3.5 76 + 3.5 108 + 3.5 131 + 3.5 188 + 3.5 268 + 3.5 
calculated cavity 
length dcalc / mm 
44±4 91±4 141±8 150±8 230±11 341±15 
 
These results show that the fringe amplitude decreases as the level of backscattered light 
decreases, in line with the prediction of section 6.1.2.  
6.2.6 Observations of the self mixing effect in a VCSEL  
In recent years, there has been increased interest in using VCSELs in TDLAS, primarily 
due to their lower cost, low power consumption and a wide mode hope free tuning 
range compared to DFB lasers (see Table 6-3, figures valid for lasers used in this 
project only).  
Table 6-3: Comparison of DFB and VCSEL that were used in this project. 
 COST £  
(for small 
volume) 
POWER 
CONSUMPTION 
TUNING 
COEFFICIENT 
DFB  
(NEL NLK1U5C1CA-TS) 
£2000 0-150mA 
10mW@60mA 
1GHz/mA 
VCSEL  
(Vertilas, VL-1686-1-SP-A5) 
£700 0-10mA 
3mW@5mA 
40GHz/mA 
 
An experiment was conducted to establish if VCSEL also suffer from interference 
effects. Confirmation of self-mixing modulation of the output from a VCSEL was 
hampered by the lack of a rear facet for this laser design. The voltage drop across the 
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diode was used as described in 6.2.3, again using the retro reflective tape to increase the 
signal level. Figure 6-11 shows the results.  
 
Figure 6-11: Self mixing interference observed as a modulation of the voltage across a VCSEL. 
Second harmonic signals obtained with retro reflective tape placed at distance d of (a) 10mm, (b) 
20mm and (c) 50mm. 
These results confirm self-mixing interference behaviour in our VCSEL. The change in 
fringe spacing with cavity length is again consistent with equation 6.2.  
6.2.7 Effects of the self mixing interference fringes on the sensitivity 
of gas absorption measurements 
A series of gas absorption measurements was made with relatively high levels of optical 
feedback. In order to separate the effects of feedback from possible etalon effects within 
the gas cell, the configuration in Figure 6-12 was used. A pellicle beam splitter 
(Thorlabs BP245B3, 45:55) was used to pass a proportion of the main beam emitted by 
the DFB laser diode towards a reference detector (D1). The main beam was then 
directed towards a wedged window, whose front surface was aligned to direct the 
reflected beam back towards the laser with a reflectivity of approximately 0.4%, the 
feedback being reduced to 0.1% of the initial intensity after traversing the beam splitter 
twice. A conventional gas cell was used with a 10cm path length and wedged AR 
coated windows to reduce etalon effects to an insignificant level compared with self-
mixing feedback. Transmission though the cell was monitored with a second detector 
(D2). Signals from both detectors (Thorlabs PDA400) were demodulated at 2f using 
lock-in amplifiers as previously described. With hydrocarbon free air in the gas cell, the 
2f output from each detector / lock-in amplifier combination was normalised so as to 
balance the two readings.  
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Figure 6-12: Configuration of experiments to investigate self-mixing feedback in gas absorption 
measurements. 
In a first experiment, the laser drive current was ramped over the range 30-80mA in 
steps of 0.2mA, while 2f-demodulated outputs were recorded simultaneously for 
channels D1 and D2. Scans were taken with different concentrations of methane in air 
within the gas cell (all at atmospheric pressure). The results are shown in Figure 6-13 
(a) and show self-mixing feedback on both detectors D1 and D2, with a fringe spacing 
dictated by the distance from the wedged window to the laser diode (64mm).  
 
Figure 6-13: Results of wavelength scans through a methane line at different concentrations, while 
high levels of feedback were deliberately applied to the laser diode. (a) Normalised 2f signal 
components, (b) signals from D2 corrected by subtraction of the reference signal from D1. (Lock-in 
τ 100ms). 
 
The fact that self-mixing feedback induces a modulation on the entire laser diode output 
allows for a straightforward reduction scheme. In this case, the normalised output from 
the reference channel D1 (after lock-in demodulation) was subtracted from that of the 
main signal channel D2. Figure 6-13 (b) shows that this removed the modulation to first 
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order. A small residual modulation remains, caused by a slight phase change in δ 
observed between the two sets of fringes, the precise cause of which is uncertain. At 
1010ppm, the methane line is just discernible. 
In a second experiment, the laser diode output was locked to the methane line and 2f-
demodulated outputs from both detectors were recorded simultaneously. Different 
methane concentrations were delivered to the cell; first hydrocarbon free air, then 
1010ppm methane in air. The results are shown in Figure 6-14. Subtraction of the 
demodulated reference signal improved the signal to noise ratio by over a factor of 10, 
giving an estimated limit of detection of approximately 100ppm. Residual noise and 
drift in the corrected signal is attributed to imbalances between the two light paths 
leading to D1 and D2, possibly caused by etalon effects in the gas cell (previously 
reported in 5.4). A control experiment was conducted in the absence of self mixing 
(Figure 6-14(c)). 
 
Figure 6-14: Normalised 2f-demodulated output from detectors D1 and D2 plotted as a time series 
while different methane concentrations (in air) were delivered to the gas cell. (a) Normalised raw 
data, (b) data corrected by subtraction of the reference, and (c) Raw data (no background 
subtraction) obtained in the absence of self mixing (Lock-in τ 10s.) 
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6.3 Results for a commercial VCSEL based instrument 
This section reports observations of interference effects in a commercial prototype instrument 
(IR Microsystems microLGDTM) made in collaboration with IR Microsystems (IRM). 
The instrument employs a 1651 nm VCSEL (Vertilas VL-1651-1-SP-T5), mounted in a 
cell of 80mm physical length with a reflective geometry and a total path length of 
160mm. The cell has been carefully designed so as to minimise the opportunity for 
etalons to arise in the optical path by tilting the photodiode to prevent direct specular 
reflection from the detector or its package to be redirected towards the laser. 
A custom electronics board performed laser current and temperature control as well as 
second harmonic demodulation for WMS. Signals were transferred to a computer 
running LabviewTM software via a RS232 port. The VCSEL was modulated at a 
frequency f ≈ 20kHz to generate a WMS gas detection signal. 
Because the instrument configuration was fixed, it was not possible to confirm self-
mixing interference behaviour directly by any of the techniques used in the laboratory 
experiments. Instead 2f signals from the photodiode were recorded.  
Figure 6-15 shows the results of a wavelength scan for a methane concentration of 
100ppm within the cell. For straightforward WMS, a large fringe-like modulation can 
be observed superimposed on the gas line (Figure 6-15 (a)). The fringes could be 
efficiently reduced by applying a deliberate low amplitude modulation to the laser. In 
this case, suppression of a factor of 10 was achieved by applying a 6kHz low amplitude 
modulation (Figure 6-15 (b)). 
 
 
Figure 6-15: 2f WMS signals acquired by the microLGDTM for a methane concentration of 100ppm. 
(a) Interference fringes superimposed on the absorption line for straightforward WMS at f=20kHz. 
(b) Suppression of fringes using a second modulation at 1.6 kHz.  
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The fringe spacing was found to correspond to a 16cm cavity, twice the physical length 
of the gas cell. Angling or misaligning either the laser or the photodiode did not 
significantly reduce the fringe visibility. This is consistent with two possible causes, (i) 
self mixing interference, possibly caused by a small fraction of the light reflected by the 
mirror falling directly onto the laser diode, (ii) a weak etalon in the optical path, formed 
between the photodiode and mirror or the laser diode and mirror. It was not possible to 
confirm unambiguously which of these causes was possible. 
Following suppression of the fringes, the short-term rms noise was established to be 
approximately 1.8ppm over a period of 3 minutes, with a longer term zero drift of 
approximately 10ppm.  
6.4 Summary 
Both self mixing and Fabry-Perot etalon interference effects can create a modulation of 
the light intensity measured at a detector. For low levels of returned light and a given 
cavity length d, the resulting fringes take the same sinusoidal form. The effects of 
interference from low reflectivity etalons and from diffuse reflections are equivalent. 
Self-mixing interference can be caused by both specular and diffuse reflections with 
equivalent effects for the same levels of returned light and cavity length.  
Interference caused by self-mixing in the laser diode cavity can be distinguished from 
classical etalon effects in two ways: 
(i)  Measuring a modulation of the output from the laser diode itself, which may 
conveniently be achieved at the rear facet by using a monitor diode.  
(ii)  Measuring a modulation of the voltage across the diode. This has a worse signal 
to noise ratio, but is more convenient for laser diodes with no rear emission, such 
as VCSELs.  
The effects on WMS of interference fringes caused by etalons in the optical path of gas 
cells are well-known, but to the author’s knowledge the effects of self-mixing 
interference have not been previously reported. With the DFB laser diode used in these 
experiments, feedback would have to be reduced to below the 1 in 108 level to permit 
detection of methane at 1ppm within a 200mm (double pass) gas cell. 
In the experiments exaggerated levels of optical feedback were used in order to 
investigate the effect; in practice a good optical design would reduce this to give 
decreased modulation amplitudes. A good quality (60dB) optical isolator would 
circumvent the problem by reducing feedback, but for reasons of cost and simplicity, 
many workers prefer to avoid them, especially for industrial systems. It has indeed been 
experienced that in small quantities, isolators designed for use at non-standard 
wavelengths can cost more than the laser diodes themselves. Furthermore, the problem 
remains of feedback arising from reflections from the front face of the isolator. 
However, simple intensity referencing can remove the effects of the modulation to first 
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order, which in these experiments improved the signal : noise ratio by over a factor of 
10. 
It has been shown that self mixing interference can arise from specular reflections, but 
perhaps more importantly from diffuse reflections (in our case, from SpectralonTM and a 
retro reflective tape). This results means that the presence of dust or dirt within the 
optical path will also present a problem, and could be an issue for gas detectors 
designed for use in industrial environments. Air filters can be used to protect the optics, 
but these compromise response times and can themselves become blocked by dirt. 
Thus, self-mixing interference fringes can arise in a greater range of circumstances than 
etalon-induced fringes. Furthermore, if etalons are created by gas cell windows, as is 
often the case, the two surfaces comprising the etalon have similar, low reflectivities 
and the resulting fringes have a modulation depth proportional to r. However, for self-
mixing interference the modulation depth is proportional to r . Therefore, as the value 
of r reduces, limited in practice by the quality of AR coatings, self-mixing interference 
is increasingly dominant. 
6.5 Conclusion 
To conclude, it has been shown that self mixing interference can cause spurious signals 
to arise in gas detectors based on wavelength modulation spectroscopy. As with etalon-
induced fringes, the problem is particularly severe for this form of gas detection, which 
is highly sensitive to curved or periodic spectral features with a free spectral range of 
the order of the gas absorption linewidth. For methane this corresponds to an optical 
path difference of approximately 30 mm. In the very weak feedback regime, the effect is 
a cosine modulation of the laser diode output, whose amplitude is proportional to the 
square root of the level of reflected or backscattered light reaching the laser diode. The 
modulation can be observed on the forward and rear diode emission (for lasers with a 
rear facet) as well as, for strong signals, on the voltage across the diode.  
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Chapter 7 Gas cell design 
 
As previously described in section 2.7.1, the sensitivity of many practical TDLAS 
systems is limited by the formation of unintentional Fabry-Perot interference fringes in 
the optical path between the source and detector[1]. The spacing between the maxima of 
these fringes can be in the same wavelength range as Doppler and pressure-broadened 
molecular line widths (10-3-10-2cm-1)[2]; this can lead to distortion or complete obscuring 
of the shape and strength of the absorption line[3]. Gas cell windows are often the worst 
culprits[4]. 
A detailed review of techniques employed to prevent/reduce interference effects due to 
Fabry-Perot etalons was presented in section 2.7.1. For convenience, a summary is 
presented here. Design techniques to reduce etalon formation include; the use of optical 
isolators, use of reflective rather than refractive optics, angling and antireflection 
coating of reflective surfaces[5]. Techniques for eliminating or reducing the amplitude of 
the fringe signal include: (a) mechanically oscillating the path length with external 
devices[1,6,7], (b) introduction of an asynchronous current in addition to the usual 
modulation current through the laser diode[8], (c) use of alternative waveforms[9,10] and 
(d) postdetection filtering[11]. The disadvantage of method (a) is that the detection 
bandwidth is limited by the mechanical motion and signal integration that is required[12]. 
Methods (b) and (c) are less effective and tend to wash out the gas absorption signal 
when the free spectral range (FSR) is comparable to the gas absorption linewidth[2]. Post 
detection filtering can only be applied where the signal and the interference spectra are 
distinguishable in the frequency domain[2].  
In general, the alignment of the optical components is critical. This often leads to 
complex designs with tight tolerances on optical component alignment, and can 
therefore be difficult and expensive to maintain in field instruments. 
As previously stated in the introduction, the main aim of this thesis is to investigate an 
alternative approach to gas cell design based on the use of diffuse reflections, known in 
some circumstances to reduce interference fringes[13]. However, their use introduces 
laser speckle that can contribute an intensity uncertainty to gas detection measurements. 
A systematic theoretical and experimental study of speckle effects and the associated 
intensity uncertainty have been reported in chapter 3 and 4. 
The focus of this chapter is to apply the knowledge of speckle acquired in the 
aforementioned chapters to the design of gas cells utilising diffusive surfaces. The aims 
of the gas cell design exercise included; 
1. Minimising Fabry-Perot interference effects associated with standard gas cell 
windows. 
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2. Designing gas cell configuration that are simple, easy to align and robust; in 
standard gas cells, design efforts to prevent formations of etalons often lead to 
complex designs that are sensitive to alignment. 
 
This chapter has been structured as follows 
I. Section 7.1 presents experiments; (a) demonstrating the detrimental effects of 
interference fringes due to Fabry-Perot etalons on the performance of a WMS 
instrument, (b) evaluating the effectiveness of common design efforts to prevent 
the occurrence of the etalons. 
II. Section 7.2 presents a theoretical analysis and a discussion of several gas cell 
designs employing a diffusely scattering element. The performance of one such 
cell was also evaluated by conducting gas absorption experiments. 
III. Section 7.3 reports experiments conducted to investigate techniques for reducing 
speckle related uncertainty by use of a moving diffuser. 
7.1 Fabry-Perot etalon effects in standard gas cell designs  
Optical windows used in gas cells can act as low finesse Fabry-Perot etalons. The 
transmission of a Fabry-Perot etalon is given by 
 
 2
0
1
1 sin ( / 2)FP
I
I F δ= +  (7-1) 
where FFP is equal to 4R/(1-R)2, R is the reflectivity of the cavity, and δ is the optical 
phase of the cavity 
 
0
4
cosnlpiδ θλ=  (7-2) 
where n is the refractive index, l is the window thickness, λ0 is wavelength and θ is the 
angle of incidence at the second surface, with cosθ being equal to unity at normal 
incidence[5]. The cavity creates periodic fringes with an amplitude (peak-to-peak) of 4R. 
The amplitude of the fringes scales linearly with the residual reflectivity, so that two 
surfaces with a residual reflectivity of 3.3% (Fresnel reflectivity of silica using n = 
1.443 at 1650nm) induce fringes with an amplitude equivalent to an absorption of 
13.2% volume in the direct transmission signal (Figure 7-1). When considering WMS 
with 2f demodulation, the amplitude of the 2f fringes signal depends on the modulation 
index m and FSR of the cavity[10]. 
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Figure 7-1: Theoretical plots of the 1651nm (Hitran data base; Rothman et al, L. S. (1992),see ref 10 
in chapter 2), 100% concentration methane and 1cm path length) and Fabry-Perot transmission 
using equation 7-1 with l = 25.0 mm, n = 1.443, R= 3.3%. Key: CH4; methane. 
 
As previously discussed in section 2.7.1, the fringes can not be removed by background 
subtraction because optical depth (product of window thickness and refractive index, nl 
in equation 7-2) is a function of temperature[5]. 
 
dnl dn dl
dT dT dT
= +  (7-3) 
Additionally, filtering techniques can not be applied when the FSR (ν = c/2nl) is close 
to the gas linewidth. For methane at room temperature the worst etalon spacing is 25mm 
as the corresponding FSR of 4.2GHz, which approximately equals the full-width-half-
maximum of the gas 1651nm absorption line, Figure 7-1. 
According to equation 7-2, the maximum fringe amplitude can only arise in the case of 
plane parallel windows. Therefore the use of wedged windows can reduce etalon 
effects. Figure 7-2 shows two 10cm cells used in this study, one employing plane 
parallel windows and the other employing wedged and AR coated windows. 
 
Figure 7-2: Gas cells implemented using: (a) Plane parallel windows (UV silica) with a refractive 
index of 1.443. (b) Wedged windows with a wedge angle of 3o 53' or 0.068radians that resulted in an 
angular beam deviation of 2° and were made of BK7 (n=1.5 at 1650nm), thin edge of wedge was 
3mm; the thick edge was 4.7mm. 
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Gas cell A represents the worst case scenario (i.e. no design efforts made to reduce or 
prevent the occurrence of Fabry-Perot etalons). Etalons can be formed between any of 
the four surfaces of the gas cell windows giving rise to lower frequency fringes with an 
FSR of 16GHz (corresponding to window thickness l = 6.5mm and n= 1.443) and 
higher frequency fringes with an FSR of approximately 1.5GHz (corresponding to air 
spaced etalon formed between the two cell windows and n = 1,). This cell was used to 
illustrate the effects of Fabry-Perot Etalons on the performance of TDLAS based gas 
instrument. 
In gas cell type B formation of fringes due to Fabry-Perot etalons was minimised by use 
of wedged and AR coated windows. The two windows were also tilted relative to each 
other such that the beam deviation through the cell was minimal and to avoid further 
tilted etalon. The AR coating reduced the reflectivity from 4% using a refractive index 
of 1.5 for BK7 at 1650nm to 0.4% (Thorlabs’s C-coating). This cell was used to 
evaluate the effectiveness of common design efforts (AR coated and wedged /tilted 
windows) in reducing Fabry-Perot etalon formation. 
The experimental setup was configured such that the measurements could be obtained 
simultaneously from the two cells (Figure 7-3). 
 
Figure 7-3: Schematic diagram of the experimental setup for investigating Fabry-Perot etalon 
effects in WMS. 
 
In a first experiment, the cells were filled with 1010ppm methane. The 2f-demodulated 
outputs were recorded simultaneously for channels detector A and detector B (see 
annotation in Figure 7-3) while the laser drive current was ramped over the range 40-
80mA in steps of 0.2mA. Two background signals were also recorded for each detector 
channel (1) background with the cells removed and (2) background with the cells filled 
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with hydrocarbon free air. This was used to confirm that the observed fringes were 
associated with the gas cell. 
The plots of the 2f signal corresponding to 1010ppm methane and background signals 
from the two gas cells are shown in Figure 7-4. Each channel was normalised by the DC 
signal to remove the dependence on the amount of light arriving at the detector. A 
quantitative analysis of the plots is presented in Table 7-2 and Table 7-2. 
 
Figure 7-4: Comparison of the magnitudes of gas absorption and back ground signals (normalised) 
obtained from a gas cell with (a) a cell with wedged, AR coated and angled windows and (b) plane 
parallel windows. Note change of scale. 
 
Table 7-1: Quantitative analysis of the observed fringes plotted in Figure 7-4. 
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coated window  
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For both detectors, the background recorded with the cells removed (Figure 7-4(a)) is 
consistent with fringes due to self mixing in the DFB module (reported in detail in 
section 5.3).  
In the case of the cell with wedged windows, the magnitude of the background signal 
recorded at the detector with the cell removed was comparable to background signal 
recorded with the gas cell in place. This is consistent with the level of fringes generated 
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the system. The signal corresponding to 1010pm gas is readily distinguishable from the 
background signal (Figure 7-4(a)). 
In the case of the gas cell with plane parallel uncoated windows, the signal 
corresponding to1010pm gas can not be distinguishable from the background signal 
(Figure 7-4(b)). The background obtained with the cell evacuated is much larger (2 
orders of magnitude) than the signal recorded with the cell removed. Fringes of two 
different periods were superimposed on to the background signal (Figure 7-4(b)). The 
higher frequency fringes are consistent with an etalon formed between a surface from 
one window and a second surface from the opposite window (column 2 of Table 7-2). 
The lower frequency fringes are consistent with an etalon created between two opposing 
surfaces of one window (column 3 of Table 7-2).  
Table 7-2: Quantitative analysis of the observed fringes plotted in Figure 7-4. 
 High frequency 
fringes Figure 7-4(b) 
Low frequency fringes 
Figure 7-4(b) 
Background with cells 
removed  
Calculated cavity length 
dcalc  
128±33mm 7.4±4mm 19.4±6mm 
Possible etalon causing 
fringes 
100mm 
(reflections between the 
two windows) 
6.5mm 
(Reflections within one 
window) 
Consistent with findings 
of section 5.3 (self 
mixing in DFB module) 
 
The unexpected large difference in amplitude between the lower and the higher 
frequency fringes could be due to imperfect alignment of the two windows relative to 
each other (etalon transmission depends on angle of incidence at second surface, 
equation 7.2). 
In a second experiment, the laser diode output was locked to the methane line and 2f-
demodulated outputs from both detectors were recorded simultaneously while different 
concentrations of 1010ppm methane in hydrocarbon free air were delivered to the cell. 
The results are shown in Figure 7-5.  
The signal from the cell with plane parallel windows shows a large DC offset and 
background drift with time (Table 7-3). The output of the cell with the wedged window 
showed a much reduced offset and drift with time. In the case of the cell with plane 
parallel windows the output signal corresponding to concentrations below 100ppm 
could not be distinguished from the underlying the background signal. A detection limit 
of less than 10ppm was achieved using the AR coated wedged window cell in an earlier 
experiment (5.4.2). 
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Figure 7-5: Normalised 2f-demodulated output from detector plotted as a time series while different 
methane concentrations (in air) were delivered to the gas cells. Simultaneous measurements from a 
cell with plane parallel windows and a cell with wedged and AR coated windows (Lock-in τ 10s). 
 
Table 7-3: Analysis of short term and long term drift of the output from the cell with plane parallel 
windows and the cell with wedged window 
 PERIOD WEDGED WINDOW CELL PLANE PARALLEL 
WINDOW CELL 
    
Calibration factor  1554ppm/unit 1554ppm/unit 
  Unit less ppm Unit less ppm 
Short term drift 5 minutes 0.022 34 0.3 466 
Long term drift 50 minutes 0.109 169 3.4 5284 
 
In summary, it has been shown that etalon effects in standard cells can limit the 
detection sensitivity of a TDLAS instrument. The use of AR coating and wedged 
windows can significantly reduce the magnitude of these features. However, several 
disadvantages still remain; 
1. The requirement for custom optics/ AR coatings if working outside the telecom 
wavelengths. This is often expensive if bought in low volumes. 
2. Alignment is critical; careful alignment of optical components was required to 
obtain the results for the wedged window cell reported in this chapter and in 
section 5.4.2. Whilst the four surfaces of the wedged windows of a standard cell 
can be misaligned with relative ease (with respect to each other) when the cell is 
considered in isolation, it becomes more challenging when other components 
(e.g. detector windows, laser windows, and lens) in the system have to be 
considered as well. 
3. Glass surfaces have to be kept clean to avoid scattering that can lead to self 
mixing. This limits the environments where such a cell can be placed. 
The following sections discuss gas cell designs employing a diffusive element with the 
aim of avoiding the problems discussed above. 
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7.2 Gas cells employing diffusive elements  
Gas cells employing diffusive elements have the potential to overcome some of the 
disadvantages of standard cells discussed in the previous section. However as reported 
in section 4.3, the use of diffuse reflections can lead to speckle related intensity 
uncertainty and interference effects due to interferometric speckle. It was also shown in 
section 6.2.5 that diffuse reflections can also lead to interferometric noise caused by the 
so called self mixing effect. 
The following sections report theoretical and experimental evaluation of a number of 
gas cell configurations employing diffusive elements. For all the designs presented the 
following noise sources were considered where relevant; 
1. Subjective and objective speckle related intensity uncertainty of a single static 
speckle field. 
2. Interference effects 
a. Interferometric speckle uncertainty. 
b. Low finesse Fabry-Perot etalons. 
c. Self mixing effects. 
A number of gas cell designs that were considered are discussed in section 7.2.1. 
Section 7.2.4 reports an evaluation of one of the cells conducted by making gas 
absorption measurements.  
7.2.1 Reflective type gas cell designs 
A first gas cell geometry is shown in Figure 7-6, comprising of a reflective diffusely 
scattering surface in combination with one of a number of different types of window (a 
wedged window is illustrated).  
 
Figure 7-6: Experimental setup for investigating the use of diffuse reflections in WMS. Key, L1, L2, 
L3; lens, APC; angle polished connector, BS; beam splitter. 
The speckle related intensity uncertainty for a single static speckle field arriving at the 
photo-detector with an area d is given by 
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for objective speckle (i.e. lens L3 removed from Figure 7-6) and 
 
( )1.22 1 #
d
FI
I
λ + Π∆
=  (7-5) 
for subjective speckle (i.e. lens L3 used to gather light), where F# is the ratio of the 
focal length to aperture and Π the magnification at which the lens is operating. For a 
fixed value of F#, a lens with a smaller focal length (and therefore proportionally scaled 
diameter) is preferable to reduce the magnification Π of the system. However this 
results in reduced light collection efficiency. For both objective and subjective speckle, 
the uncertainty is inversely proportional to the detector size. Therefore use of a larger 
area detector will result in a proportional reduction in the speckle related intensity 
uncertainty. 
Typical figures (approximation to order of magnitude) for the speckle related intensity 
uncertainty are presented in Table 7-4. Here, the lens parameters were chosen to 
minimise the uncertainty rather than optimise the light collection efficiency. 
Table 7-4: Parameters used to calculate objective and subjective speckle related intensity 
uncertainty. The detector diameter = 5mm, λ = 1650nm. 
 Parameters Uncertainty ∆I/I 
Objective speckle • Illuminated area diameter D= 25.4mm 
• Distance from diffuser to detector, Z = 150mm 
2.4×10-3 
Subjective speckle • Lens diameter, Dlens = 25.4mm 
• Lens focal length, flens = Dlens/2, hence F# = 0.5 
• Lens to detector distance, Sdetector = flens 
• Lens to diffuser distance, Sdiffuser = 150mm 
• Magnification, П = Sdetector/Sdiffuser 
2.2×10-4 
 
In the case of subjective speckle, in addition to improved light collection efficiency, use 
of the lens in this cell geometry reduces the uncertainty by an order of magnitude by 
optimising the geometry of the receiving lens. Objective speckle related intensity 
uncertainty can be reduced by increasing the illuminated area D. However this is limited 
by practical considerations such illumination geometry and increased response time 
(filling and evacuating a larger volume). For example, to achieve the same level of 
uncertainty as in the subjective speckle configuration requires a ten fold increase in the 
illuminated area D and a consequent ten fold increase in the cell volume. 
Another potential source of uncertainty in the measured intensity in the cell design of 
Figure 7-6 is interferometric speckle. Interferometric speckle could arise if a partial 
reflection from one side of the wedged window combined coherently (i.e. giving rise to 
interferometric speckle) with the light scattered from the diffusive surface at the 
detector. The intensity modulation of interferometric speckle at the detector takes the 
form[14]; 
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 ( )0 1 21 cos 4 /I I k r r dpi λ= +  (7-6) 
The fringe amplitude would be proportional to 21rr , where r1 and r2 are the surface 
reflectivities of the wedged window and the diffusive surface. The form of this equation 
is similar to the low finesse Fabry-Perot relationship previously discussed in section 
6.1.1. In practice, interferometric speckle can be avoided with relative ease by 
misaligning the reference beam such that only the light scattered from the diffuser 
reaches the detector or using different gas cell geometry (see following sections). For 
this reason an analysis of interferometric speckle noise will be largely omitted. The 
focus will be on considering speckle related intensity uncertainty governed by equations 
7.4 and 7.5. 
The main advantage of the cell geometry presented in Figure 7-6 is that the effective 
path length of the cell is twice the physical length (i.e. 20cm path length from a 10cm 
long cell). The design has a number of potential disadvantages; 
1. Light inefficiency due to losses at the beam splitter. To optimise the power 
arriving at the detector would necessitate the use of a 50/50 split beam splitter. 
This could potentially mean discarding 50% of the power incident on the beam 
splitter from the laser and 50% of the diffusely reflected light. An alternative 
configuration to improve light collection efficiency is presented in Figure 7-7. 
2. In the experiments a Pellicle beam splitter was used to avoid stray reflections 
associated with plate or cube beam splitters. However, Pellicle beam splitters are 
fragile and relatively expensive. 
3. The expected intensity uncertainty is above the target detection limit of several 
ppm. 
In summary, the speckle related intensity uncertainty for a single static field depends on 
the gas cell geometry. For a given geometry, the uncertainty is inversely proportional to 
the detector size.  
The foregoing analysis for the speckle related intensity uncertainty applies to many of 
the gas cell designs considered in this section and will therefore not be repeated for each 
cell. Only a summary of the results will be presented for the other cell designs. 
The notation presented in Table 7-4 will be used in all the gas cell geometries to be 
considered in this section. In the case of subjective speckle, the lens will be configured 
to operate at F# = 0.5, the magnification will be defined as Sdetector/Sdiffuser with the 
detector located at the focal point of the light collecting lens. A detector diameter of 
5mm will be used in all the calculations. 
Figure 7-7 shows a second optical cell geometry that overcomes the main disadvantages 
of the previous design (Figure 7-6) by using an off axis parabolic mirror (OAP) in place 
of the beam splitter. The OAP has hole in centre to accommodate a laser diode (ideally 
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a 5.6mm can or a fibre tip for fibre coupled sources) mounted such that OAP forms one 
end of the gas cell. A highly reflective holographic/engineered diffuser with a diffusion 
angle matched to the F/# of the OAP can be used to improve the efficiency of the 
system. Highly reflective engineered diffusers are now commercially available (such as 
those manufactured by Luminit*). These have the added advantage that profile of the 
backscattered light can be shaped (cone angle as well as profile) to increase the light 
collection efficiency 
 
Figure 7-7: Use of an off axis parabolic mirror to improve light collection efficiency of the 
configuration shown in Figure 7-6. 
 
Advantages of the cell configuration include; (a) simple and robust integrated geometry, 
(b) improved light collection efficiency, and (c) doubling of the effective path length. 
The main disadvantage of such a system is self mixing interference if the laser is 
mounted in the OAP as shown in Figure 7-7. An isolator can be used to reduce the 
effect but at a considerable cost (>£1000) and the effectiveness of the isolator would be 
limited by the residual reflectivity of the entry aperture window facing the laser diode. 
A third cell geometry is shown in Figure 7-8, in which single mode fibre is used to 
couple light to the cell.  
 
Figure 7-8: Reflection type gas cell model. Not to scale. 
 
                                               
*
 http://www.luminitco.com/index.php/?item=hm: 20600 Gramercy Place, Building 203, Torrance, 
CA 90501-1821 (USA). 
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In the system shown in Figure 7-8 above the size of the illuminated area D will be given 
by 
 2 tanD L θ=   (7-7) 
where θ is the half angle derived from the NA of a single mode fibre. For L = 10cm, the 
diameter of the illuminated area D=26mm. This is comparable to D = 25.4mm used in 
calculations for the cell geometry (Figure 7-9, Table 7-5). Therefore the speckle related 
intensity uncertainty will be on the same scale (Table 7-5) for objective speckle and 
subjective speckle (if a similar lens configuration is used). The advantages of such as 
system include (a) effective path length is approximately double the physical path 
length, (b) flexibility of fibre; laser can be located remotely from cell allowing cell and 
(c) simple and robust. One main disadvantage is interference effects (Fabry-Perot as 
well as self mixing) associated with the use of fibre (often in the fibre coupling system). 
7.2.2 Transmission type gas cell designs 
Figure 7-9 shows a fourth gas cell geometry, employing a transmissive diffuser. The 
diffuser forms the first window of the gas cell. The detector and mount can be sealed to 
the opposite end of the cell such that front of the detector package forms the window.  
 
Figure 7-9: Scheme of gas cell geometry employing a transmission type diffuser. 
 
Alternatively a lens can also be placed in front of the detector to improve the light 
collection efficiency. The estimated speckle related intensity uncertainty in the 
measured intensity at the detector is presented in Table 7-5. 
Table 7-5: Parameters used to calculate objective and subjective speckle related intensity 
uncertainty. The detector diameter d = 5mm, λ = 1650nm. 
 Parameters Uncertainty ∆I/I 
Objective speckle D=25.4mm, Z = 100mm 1.6×10-3 
Subjective speckle Dlens = 25.4mm, Sdiffuser = 100mm 2.3×10-4 
 
Different types of diffusely transmitting materials were investigated. A sample of the 
diffusers is presented in Table 7-6. 
 
amplified detector 
100mm 
2f Lock-in amp 
 
 
 
Transmissive diffuser 
25.4mm 
Not to scale 
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Table 7-6: List of transmissive type diffuser and their transmission properties. 
Diffuser comment 
Ground glass 
• 120grit -22% transmission 
• 220 grit-22%, 
• 600grit-80% 
• 1500grit-100% 
(Transmission normalised to the 
1500 grit sample) 
• Gaussian diffuser 
• For the coarse diffuser (1500grit) the central portion of beam 
not diffusely scattered 
• Low transmission and strong reflected specular component for 
the fine grit diffuser (120 and 220) 
ZenithTM (100µm) thick or 
SpectralonTM 
• 100µm sample relatively fragile and 
• may not be gas tight; this can be both advantage/disadvantage 
• Transmission poor for samples > 100µm thick. 
Holographic diffuser/engineered 
diffuser 
• Engineered to shape light to a specified aspect angle 
• Scattered light at specified cone angle 
relatively high transmission 
 
Advantages of the cell configuration include: (1) it is a simple and robust design (b) use 
of commercially available engineered/holographic transmissive diffusers that lead to a 
high system throughput (light shaping to a specified aspect ratio leading to high 
collection efficiency and relatively high transmission e.g. Luminit diffusers claim 85-
92% transmission). The disadvantages include; 
1. Potential for self mixing due to 
a. Specular reflection from the first surface of the diffuser. 
b. Diffusely backscattered light from the second surface of the diffuser. 
2. The first surface can form an etalon with flat surfaces preceding it; AR 
coating/wedging should be considered in both cases. 
3. There is only a single pass through the gas cell. 
The following section summarises the gas cell designs discussed above. 
7.2.3 Summary of the gas cell designs 
In summary, a number of gas cell geometries employing a diffusive element have been 
discussed (summarised in Table 7-7). In all the gas cell designs considered here, the 
estimated speckle related intensity uncertainty for a single static speckle pattern 
remained in the range 1×10-3 to 1×10-4. The speckle related intensity uncertainty is 
determined by the optical geometry of the gas cell and the light collection geometry.  
Objective speckle noise can be reduced by 
1. Use of a large detector (more speckles integrated over the detector aperture), 
however InGaAs detector chips are more expensive than silicon. 
2. Use of large illuminated area. This is not practical in many situations due to 
difficulties in configuring the illumination geometry and light losses. This would 
also lead to cells with a relatively large volume and therefore longer response 
time of the sensor. 
When a lens is used to gather light (i.e. subjective speckle), a number of advantages can 
be realised; 
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1. Speckle size is independent of illumination geometry, instead, it is governed by 
the geometry of the light collection lens. 
2. Speckle size can be minimised by using large diameter optics(for collection 
efficiency) with short focal length(i.e. small F/# e.g. aspheric lens or Fresnel 
lens) 
 
Table 7-7: Summary of gas cell designs. 
CELL ADVANTAGES DISADVANTAGES UNCERTAINTY 
 
• simple design  
• low cost 
• interference effects 
due to Fabry-Perot 
etalons 
• poor sensitivity  
• worst case detection 
limit of 2.4% 
achieved in section 
7.2 
 
• etalon effects reduced 
by use of AR coatings 
and wedging 
• high sensitivity can be 
achieved (3ppm 
demonstrated in 
section 5.4.2) 
•  coatings can be 
expensive at non 
standard 
wavelengths 
• alignment is critical 
• 3ppm demonstrated 
in section 5.4.2 
 
• effective path length is 
twice path length  
• simple geometry 
 
• possibility of 
interferometric 
speckle. 
• Light inefficiency 
• estimate for a single 
static speckle field 
2.3×10-4ppm 
 
• effective path length is 
twice path length  
• simple and robust 
geometry 
• engineered diffuser 
can be used to achieve 
high light collection 
efficiency 
 
• possibility of 
interferometric 
speckle. 
• Requires use of a 
60dB isolator to 
prevent self mixing 
interference effects 
 
•  
 
• effective path length is 
twice path length  
• simple and robust 
geometry  
• can be remotely 
located from source 
 
• interference effects 
associated with fibre 
coupling  
• estimate for a single 
static speckle field 
2.3×10-4ppm 
 
 
• simple geometry and 
robust geometry 
• engineered diffuser 
can be used to 
improve light 
efficiency 
 
• single pass  
• reflected specular 
component from 1st 
window (can be 
reduced by AR 
coating/wedging) 
 
•  estimate for a single 
static speckle field 
2.3×10-4ppm 
 
 
Formation of interferometric speckle can be prevented through good cell design 
practice. Precautions to avoid optical feedback (due to diffuse reflections) and the 
associated self mixing interference effects (reported in detail in section 6.2.5) should be 
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undertaken. For cells with diffusive surfaces this procedure is simplified because one of 
the windows has been replaced. 
In the following section, the performance of a gas cell utilising a diffusive element has 
been evaluated by performing gas absorption measurements. 
7.2.4 Gas absorption measurements 
This section reports an experiment conducted to evaluate the performance of a 10cm 
cell employing a diffusive element. The cell geometry discussed in Figure 7-9 with 
ground glass as the diffusive element was used as the test cell. The experimental set up 
is shown in Figure 7-10. For the cell geometry used, the expected intensity uncertainty 
for a single static speckle pattern was approximately (to order of magnitude) 1×10-3 (see 
Table 7-5). 
 
Figure 7-10: Scheme of the experimental set-up used to evaluate the performance of a gas cell 
employing a transmissive diffuser.  
 
The modulated output light of a frequency stabilised DFB laser (Semelab) was directed 
onto an amplified detector (Thorlabs PD400) after passage through a 10cm long gas cell 
with a ground glass front window. The output of the detector amplifier was fed to a 
lock-in amplifier (Stanford Research Systems SR850) for phase sensitive detection at 
12kHz (2f). The 2f signal was transferred to a computer running LabviewTM software 
through data acquisition card (National Instruments PCI 6259). 
Methane (2.5% concentration) was gradually diluted with hydrocarbon free air using 
gas flow controllers (Telydyne THPS-400-230). The peak 2f was recorded for different 
concentrations; from an initial concentration of 1000ppm down to 25ppm (ppm, parts 
per million). The recorded demodulated 2f output is plotted against concentration in 
Figure 7-11. 
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Figure 7-11: Plot of 2f signal against concentration. Time constant was 1 second. Detector 
(Thorlabs, PDA50EC) gain was 0dB. Note; log scale 
 
Figure 7-12 shows a time series plot of the 2f demodulated output in the low 
concentration range. An analysis of the time series data is presented in Table 7-8 below. 
 
Figure 7-12: 2f-demodulated output from the detector plotted as a time series while different 
methane concentrations (in air) were delivered to the gas cell. Key: ppm; parts per million. Time 
constant = 100ms. 
 
Table 7-8: Analysis of short term and long term drift of the output.  
PARAMETER VALUE 
Calibration factor 1290ppm/mV 
Detection limit 11ppm 
Long term drift/100 minutes 56ppm 
 
In summary, the performance of a gas cell utilising a diffusive element has been 
evaluated. The detection limit was found to be 11ppm. This is approximately 3 orders of 
magnitude lower than the expected speckle related uncertainty limit of 1×10-3. One 
possible explanation is that, in practice, the measurements were obtained in a finite time 
interval set by the lock-in amplifier time constant. During this time interval, the speckle 
pattern at the detector is expected to vary in a random manner due to the high sensitivity 
of speckle to ambient vibrations. Therefore a reduction in the uncertainty (compared to 
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that of a single static speckle pattern) is expected due to averaging. Another explanation 
is that if the speckle pattern as “seen” by the detector remains unperturbed during the 
measurement interval, equations 7.4 and 7.5 can not be used to estimate the uncertainty. 
The equations are relevant in estimating the measurement precision where there is 
perturbation of the speckle pattern (i.e. due to relative displacement between the 
detector and diffuser) between subsequent measurements or between subsequent 
wavelength modulations. The latter explanation is more likely than the former because 
in practice the speckle was observed (using a CCD camera) to be relatively stable over 
durations comparable to the lock in time constants used in the experiments (3ms-10s). 
The following sections report experiments in which the speckle related intensity 
uncertainty was deliberately enhanced such that effectiveness of techniques investigated 
for suppressing it could be determined unambiguously.  
7.3 Speckle noise reduction by averaging  
Speckle related intensity uncertainty can also be reduced by reducing the contrast of the 
speckle pattern as previously discussed in section 3.2.8 and demonstrated in section 
4.4.4. The contrast C or normalised standard deviation of a polarised speckle pattern 
was shown in chapter 3 (section 4.1) to be given by /C Iσ= . Adding M uncorrelated 
speckle patterns on an irradiance basis results in suppression of speckle contrast to  
 /C M Iσ=   (7-8) 
This is relevant where the detector integrates M uncorrelated speckle patterns during the 
measurement bandwidth. This can be achieved by rotating or vibrating the diffuser. The 
following section reports experiments investigating the reduction of speckle related 
intensity uncertainty by reducing the contrast of the speckle by rotating and vibrating a 
diffuser.  
In the following experiments, the speckle related intensity uncertainty was deliberately 
exaggerated so that the effectiveness of the measures taken to suppress it could be 
quantified unambiguously. The speckle uncertainty was exaggerated by using a 
relatively small detector (1mm diameter) and appropriate optical geometry (i.e. 
objective speckle with large Z and relatively small D in equation (7.4)). Speckle 
suppression by means of a moving diffuser (rotating and vibrating) was investigated. 
7.3.1 Rotating diffuser 
Reduction of speckle contrast and therefore the related intensity uncertainty by using a 
rotating diffuser was investigated using the experimental set up shown in Figure 7-13.  
A diffuser (a sample of ZenithTM, 1mm thick) mounted on a rotating platform was 
illuminated off axis by the emission from a modulated DFB laser (beam approximately 
8mm diameter). The backscattered light fell onto a 1mm diameter InGaAs detector 
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(Thorlabs PDA400) after passage through 10cm cell with wedged and AR coated 
windows.  
 
Figure 7-13: Experimental setup for characterising properties of speckle from various scattering 
materials. Key: f; focal length of lens L1 and L2. 
 
The detector could be placed at two different locations L1=300 mm and L2 = 615mm 
that yielded an estimated speckle related uncertainty of 1.5×10-2 and 3.1×10-2 
respectively for a single static frame (see Figure 7-14). This level of uncertainty is far 
above the uncertainty due to interference effects in the gas cell (characterised in section 
7.1). Therefore in principle the presence of the cell can be largely ignored (only used to 
contain the gas in the laboratory), such that the system was equivalent to an open path 
system. 
 
Figure 7-14: Images of large and small speckles taken with a camera located at 615mm and 300mm 
from the diffuser. 
 
In a first experiment, the laser diode output was locked to the methane line. The 2f-
demodulated output from the detectors was recorded. Different methane concentrations 
were delivered to the cell; first hydrocarbon free air, then 1.25% methane in air. The 
results obtained for rotating diffuser (1kHz) are shown in are shown in Figure 7-15 as a 
log plot signal of against concentration. Figure 7-16 shows a sample of the results 
plotted as a time series as different methane concentrations were delivered to the cell. 
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Figure 7-15: Log plot signal of against concentration obtained in the case of a rotating diffuser. 
 
 
Figure 7-16: Plots of the 2f-demodulated output from the detector plotted as a time series while 
different methane concentrations (in air) were delivered to the gas cells. Plots obtained in the case 
of (a) small speckles and (c) small speckles in the low concentration range.  
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A quantitative analysis of the results in the case of large speckles and smaller speckles 
are presented in Table 7-9 and Table 7-10 respectively. 
Table 7-9: A quantitative analysis of the results in the case of larger speckles. 
Parameter 1.25% Vol methane 
stationary diffuser 
1.25% Vol methane 
rotating diffuser 
Mean value of intensity I 3.2×10-3 2.2×10-3 
Standard deviation ∆I 5.1×10-4 3.1×10-5 
Normalised Standard deviation (∆I/I) 0.16 0.014 
Expected speckle related uncertainty 
calculated from theoretical speckle size 0.031 
 
 
Table 7-10: A quantitative analysis of the results in the case of smaller speckles. 
Parameter 1.25% stationary 
diffuser 
1.25% rotating diffuser 
Mean value I 1.39 1.29 
Standard deviation ∆I 0.11 5.9×10-3 
Normalised Standard deviation (∆I/I) 0.079 4.6×10-3 
Expected speckle related uncertainty  
calculated from theoretical speckle size 0.015  
 
In a second experiment (with the system configured for large speckles), the laser drive 
current was ramped over the range 35-70mA in steps of 0.2mA, while 2f-demodulated 
detector output was recorded in the case of a stationary and rotating diffuser. Scans 
were taken with the cell evacuated and also with the cell filled with 1.25% methane at 
atmospheric pressure. The results are plotted in Figure 7-17. 
 
Figure 7-17: Results of wavelength scans obtained in the case of a stationary and rotating diffuser 
(a) through an evacuated gas cell. (b) through a methane line at 1.25% concentrations (Lock-in τ 
100ms.). The estimated speckle related intensity uncertainty for a stationary diffuser was 3.1×10-2. 
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A quantitative analysis of the plots in presented in Table 7-11. 
 
Table 7-11: Quantitative analysis of the plots shown in Figure 7-17. 
Parameter Background stationary diffuser Background rotating diffuser 
Expected speckle related 
uncertainty 3.1×10
-2
  
Normalised standard 
deviation 0.59 0.044 
Calculated detection 
limit 4075ppm 304ppm 
 
In summary reduction of speckle contrast and therefore the related intensity uncertainty 
by using a rotating diffuser was investigated. Use of a rotating diffuser was found to 
reduce the speckle related intensity uncertainty by a factor of 10. 
The following section reports an experiment investigating the reduction of speckle 
related intensity uncertainty by means of a vibrating diffuser. 
7.3.2 Vibrating diffuser 
Reduction of speckle contrast and therefore the related intensity uncertainty by using a 
rotating diffuser was investigated using the experimental set up shown in Figure 7-18. A 
reflective diffuser (a sample of Zenith 1mm thick) was glued to a loudspeaker 
diaphragm. The speaker could be driven by a signal derived from the laser modulating 
signal. A 200Hz sine wave and an audio signal[15] were found to be suitable for driving 
the loud speaker. The signal selection process involved visually monitoring the contrast 
of the speckle as different signals were applied. The backscattered light fell onto a 1mm 
diameter InGaAs detector after passage through 10cm cell with wedged and AR coated 
windows. 
 
 
Figure 7-18: Experimental setup for characterising properties of speckle from various scattering 
materials. Key: f; focal length of lens L1 and L2. 
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In a first experiment the laser drive current was ramped over the range 30-80mA in 
steps of 0.2mA, while 2f-demodulated detector output was recorded in the case of a 
stationary and vibrating diffuser. Scans were taken with the cell filled with 1010ppm 
methane with the lock-in amplifier time constant set to 100ms. The results are plotted in 
Figure 7-19 and analysed in Table 7-12. 
 
 
Figure 7-19: Results of wavelength scans obtained in the case of a stationary and rotating diffuser. 
In both cases the gas cell was filled with 1010ppm methane (Lock-in τ 100ms). 
 
Table 7-12: A quantitative analysis of the results in the case of smaller speckles 
Parameter stationary diffuser (1010ppm) vibrating diffuser (1010ppm) 
Expected speckle related uncertainty 4×10-2 
Calibration factor 1195ppm/unit 
Short term fluctuation (5 minutes) 1542ppm 160ppm 
 
Use of the diffuser reduced the short term signal fluctuations by an order of magnitude 
(Table 7-12). 
 
In a second experiment, the laser diode output was locked to the methane line. The 2f-
demodulated output from the detectors was recorded. With the speaker turned on, the 
cell was filled with 1010ppm methane and then evacuated. The speaker was then turned 
off and the procedure repeated. The results obtained for a stationary and vibrating 
diffuser are shown in Figure 7-20 (Lock-in τ 10s). 
In summary, use of a vibrating diffuser was found to reduce the speckle related intensity 
uncertainty by an order of magnitude in the first experiment (Figure 7-19). In the second 
experiment (where the laser was locked to the gas line, Figure 7-20), the magnitude of 
the improvement due to the vibrating diffuser can not be directly determined because 
the long lock-in amplifier time constant (τ 10s) that was used also contributed to the 
averaging out of the speckle related uncertainty. 
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Figure 7-20: Normalised 2f-demodulated output from the detector as a time series while the gas cell 
was filled with 1010ppm methane and evacuated sequentially. The speaker was turned on in one 
interval and then turned off in the next (Lock-in τ 10s.) 
 
7.4 Discussion and summary 
The detrimental effects of Fabry-Perot etalon effects on the performance of a WMS 
instrument has been demonstrated (section 7.1). In a worst case scenario, fringes with 
an amplitude equivalent to 2.4% gas concentration were observed in the case of a 10cm 
gas cell with plane parallel windows. Use of a gas cell with wedged and AR coated 
windows improved the detection limit to 3 parts per million. However, this required 
careful alignment of the cell windows. The susceptibility to misalignment often leads to 
complex designs with tight tolerances on optical component alignment, and can 
therefore be difficult and expensive to maintain in field instruments. In addition, if the 
gas absorption line of interest lies outside the telecoms wavelengths, the optics and the 
AR coating can be expensive. 
The deliberate use of diffuse reflections in gas cells as a means of eliminating 
interference effects due to Fabry-Perot etalons has been investigated. It has been shown 
that under the right circumstances (i.e. precautions taken against formation of 
interferometric speckle and self mixing effects) robust gas cell designs that do not suffer 
from Fabry-Perot etalon effects can be realised. However, the use of diffuse reflections 
lead to the formation of speckle and the consequent speckle related intensity 
uncertainty. Equations (7.4 and 7.5) were developed in chapter 3 to estimate the speckle 
related intensity uncertainty of a single static field. The expected speckle related 
intensity uncertainty of a number of gas cell geometries employing diffuse reflections 
that have been discussed was in the range 1×10-3 to 1×10-4 depending on the optical 
configuration. A detection limit of 11ppm was achieved using a single pass 10cm cell 
employing a ground glass diffuser (Table 7-8). This is significantly lower than the 
uncertainty as predicted by equation (7.4) possibly due to averaging effects as discussed 
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in the summary of section 7.2.4. For convenience a comparison of the performance of 
the diffusive cell to the standard cells evaluated in section 7.1 is presented in Table 
7-13. 
Table 7-13: Summary of performance of different cell designs. 
 CELL TYPE 
PARAMETER Plane parallel windows AR coated and wedged 
windows 
600 grit ground glass 
diffuser 
 
  
 
Detection limit 2.4% 3ppm 11ppm 
Short term drift 470ppm/ 
5minutes 
34ppm/ 
5minutes 
11ppm/ 
5minutes 
Long term drift 5300ppm/ 
50minutes 
170ppm/ 
50minutes 
56ppm/ 
100minutes 
 
It has also been shown in section 7.3 that speckle related intensity uncertainty can be 
reduced by up to an order of magnitude by the use of a rotating or vibrating diffuser. In 
the experiments reported in this section the optimum vibration frequency and/or 
amplitude and optimum rotation frequency was selected dynamically by adjusting the 
frequency or amplitude to give rise to miminum rms noise in the system output (e.g. 
Figure 7-16 and Figure 7-19).  
7.5 Conclusion 
In conclusion, the feasibility of using diffuse reflections in gas cell designs as a means 
of eliminating Fabry-Perot etalon effects has been confirmed. The case for such cells is 
presented with the aid of an example cell design first presented in Figure 7-7 and 
presented here again for convenience as Figure 7-21. The design has not been realised 
in practice but the principles behind it have been experimentally evaluated. 
 
Figure 7-21: Schematic diagram of a preferred diffusive gas cell design. 
 
10cm 
Engineered diffuser with emission angle and 
profile matched to the laser and the F# of the 
OAP mirror. 
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detector 
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 7-173 
This shows an ideal diffusive cell configuration based on the discussion and the results 
presented in the preceding sections. The design meets the key desired criteria outlined in 
the introductory remarks of this chapter (i.e. robust, simple, free from Fabry-Perot 
etalon effects, no use of transmissive optics). The added advantages are the high 
throughput due to the use of an engineered diffuser and the doubling of the effective 
path length. The uncertainty can be reduced by vibrating the diffusive element. This can 
be easily achieved by using a loud speaker or piezo electric transducer. This system has 
potential to achieve the target detection sensitivity of 2ppm. It is expected that detection 
limit will be determined by self mixing interference effects (reported in chapter 6). A 
60dB Faraday isolator (small form factor; aspirin type) can be used in the system as 
shown in as Figure 7-21. However, its effectiveness will be limited by residual 
reflectivity of the isolator entry aperture window. 
A number of studies[13,16-18] have reported the use of integrating spheres with diffusive 
surfaces as multipass optical cells. Several claims have been made regarding the 
potential advantages of using such cells. In the following chapter, the knowledge of 
diffuse reflections acquired in this thesis will be applied to a systematic study of the 
feasibility of using integrating spheres with internal diffusive surfaces as multipass 
optical cells in TDLAS. 
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Chapter 8 Use of integrating spheres in TDLAS 
 
The sensitivity of TDLAS systems is directly proportional to the gas absorption path 
length (at low concentration). For TDLAS systems operating in the near infrared, where 
the absorption coefficients can be up to 2 orders of magnitude weaker than of the 
fundamental absorption bands occurring in the mid infra red, the sensitivity can be 
improved by using long path lengths. Multipass optical cells (MOC) such as the 
White[1,2], Herriott[3] or Chernin type[4,5] cells are often used. These use highly precise 
and carefully aligned mirrors to fold the optical path. Path lengths of tens of metres to 
hundreds of metres have been reported[6]. A description of the operation of a simple 
implementation of the Herriot cell is given in Appendix G. The description also shows 
how this type of cell might lead to formation of undesirable interference fringes[6], 
which have been found to limit the sensitivity of TDLAS schemes employing this type 
of MOC. For example, Werle et al[7,8] found that the signal to noise ratio improvement 
of high frequency (200MHz) TDLAS over low frequency (typically <20kHZ) TDLAS 
reduced from 2 orders of magnitude to one order of magnitude when multipass cell are 
used. The problem of interference fringes coupled with the requirement of highly 
precise mirrors and complex alignment procedures in these type of MOC has led to 
interest in alternative MOC designs. 
A number of studies[9-13](reviewed in a later section) have reported the use of integrating 
spheres (see Figure 8-1) as multipass optical cells.  
 
Figure 8-1: Schematic diagram of an integrating spheres showing the location of a baffle placed 
between output port and the so called “first-strike spot”[14]. 
 
An integrating sphere is a spherical cavity with highly reflective surfaces that is used to 
contain and diffuse input light so that it is evenly spread over the entire surface area of 
the sphere. The use of a Lambertian surface (the intensity from the incident radiation I0 
varies only as the viewing angle of the surface θ) in combination with a spherical 
enclosure leads to two unique properties of integrating spheres : (1) Every point within 
Laser diode 
Diffusely scattering 
material 
Detector 
Baffle 
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a sphere receives the same intensity of light as every other part of the sphere following 
the first bounce[15] and (2) any angular dependence of the intensity is removed[15]. 
When used as a gas cell, the highly reflective coating of the internal sphere surface 
allows multiple reflections through the sample and results in an equivalent absorption 
path length much larger than the diameter of the sphere.  
8.1 Background 
Integrating spheres have been traditionally used as devices for measuring optical 
radiation and are also widely used for recording spectra of scattering samples by placing 
the specimen inside or outside the sphere[16,17,18]. Although the use of integrating 
spheres as a multipass gas cell has been previously demonstrated[9], there is limited 
literature on their use in TDLAS (see section 8.2 for a summary of reported use). The 
aim of this chapter is to make a contribution to the body of knowledge on the use of 
integrating sphere in TDLAS in several areas including; 
1. Speckle noise quantification; the interior surfaces of integrating spheres are 
often made of highly reflective diffusing materials that give rise to speckle. A 
systematic study of speckle effects has not been reported by the previous studies on the 
use of integrating spheres in TDLAS (reviewed section in 8.2) 
2. Investigation of several claims that have been made by Tranchart et al[12] and 
other researchers regarding the potential advantages of using an integrating sphere as a 
multipass optical cell. The most important claims consistent with the theme of this 
thesis are outlined below.  
a. “The light source and the detector are coupled easily and no careful optical 
adjustments are needed, leading to a long-term mechanical stability”[12].  
b. “An integrating device, such as an integrating sphere, is interposed optically 
between the tunable semiconductor laser and the detector. This integrating device is 
used to mitigate the effects of parasitic spectral noise, such as noise that is 
generated by speckle…”[19] 
There is the potential advantage that an integrating would lead to simple systems 
resulting in a relaxation of relaxation of design tolerances, which is the primary aim of 
this thesis. 
c. “Because of the infinite number of different optical paths, no optical interference 
fringes are expected. It has been verified experimentally that, if such effects are 
present, they represent a modulation of the baseline corresponding to an absorption 
coefficient smaller than 5 ×10-7cm-1”[12]. 
Results obtained in chapter 6 (section 6.2.5) showed that diffuse reflections can lead to 
self mixing interference effects. Highly reflective diffusive surfaces (e.g. SpectralonTM, 
  8-178 
ZenithTM) are employed in integrating spheres. Experiments have shown that if reflected 
light from such samples is coupled into a laser diode, self mixing interference effects 
can be induced. The occurrence of self mixing effects in integrating spheres would have 
design implications that could contradict claim (a) above. 
In summary, this chapter reports a systematic study on the feasibility of using 
integrating spheres as multipass optical cells in TDLAS. 
The chapter is structured as follows 
1. Section 8.2 presents a review of previous studies reporting the use of integrating 
spheres as multipass optical cells. The theory of integrating spheres is presented in 
section 8.3. 
2. The experimental work is presented in the remaining sections and includes; 
a. Calibration experiments 
i. Effective path length determination. 
ii. Characterisation of the output nonlinearity (deviation from Beer’s 
Law). 
iii. Quantification of speckle related intensity uncertainty. 
b. Experiments investigating the occurrence of self mixing effects in 
integrating spheres. 
c. Gas absorption experiments to determine the detection limit. 
8.2 Review of the use of integrating spheres as multipass 
optical cells. 
To the authors knowledge, the use of an integrating sphere as a MOC for gas absorption 
measurements was first reported in 1980 by Venkatesh et al[9]. They used a sphere 
machined out of aluminium. The aluminium surfaces had 180-grit SiC particles 
cemented to the inside walls and were gold over coated. The primary motivation for 
their work was to investigate the intensity profile of the integrating sphere output beam 
for various combinations of F#s of input and output coupling optics. They also used the 
sphere to measure carbon monoxide gas. Measurements of absorbance (A) were made 
on the P(29) line of CO (carbon monoxide) in the fundamental band (around 5µm) at 
pressures in the range 3-5 Torr. 
Abdullin and Lebedev[11] reported the next case in 1988. A CO2 laser was used for  
ammonia gas absorption experiments. They used a 10cm diameter sphere made of 
copper, and the experimentally determined effective path length was found to be 
430±25cm. In comparing an integrating sphere to a standard MOC, Abdullin and 
Lebedev[11] concluded that in addition to path lengths that were more than ten times the 
sphere dimensions, the inherent disadvantages of standard MOCs do not exist in an 
integrating sphere (i.e. complex alignment procedure). 
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Tranchart et al[12] claimed that they were the first to use an IS to measure light 
absorption in gases. This is inaccurate as they are at least two earlier published papers 
on the subject[9,11]. They were probably the first to use a SpectralonTM coated sphere as 
it was developed by Labsphere in 1990. Gas absorption experiments were conducted for 
(1) broad band absorption of butane using a 1.2µm-multimode laser diode and (2) water 
vapour in air at atmospheric pressure with the use of an 830-nm single longitudinal 
mode laser diode. Equivalent path lengths of 203cm - 442cm were achieved from a 
sphere with an internal diameter of 10cm. 
More recently the OFSRC research group (Limerick University, Ireland) has 
investigated the use of a 2 inch internal diameter integrating sphere (with SpectralonTM 
internal wall) in as a gas cell[13]. They have used single mode and multimode fibre (up 
to 1mm core) to couple narrow and broad band sources into the sphere respectively. The 
pointed out that due to the near uniform reflectivity of SpetralonTM, one sphere could be 
used for absorption measurements from UV to mid infrared.  
Table 8-1 provides a summary of papers reporting the use of integrating spheres as 
multipass optical cells for gas absorption measurements. 
Table 8-1: Summary of papers reporting the use of integrating spheres as multipass optical cells for 
gas absorption measurements. 
Authors Year Material/ 
Internal Diameter 
Gas used pathlength 
Venkatesh et 
al[9] 
1980 • machined aluminium 
surfaces that had 180-grit SiC 
particles cemented to the inside 
walls and gold over coated 
• tandem spheres each with a 
diameter of 3.81cm with a 
1.27cm coupling hole diameter 
Carbon monoxide in the 
5µm region using a lead-
salt laser 
• 62.2cm 
Abdullin and 
Lebedev[11] 
1988 • machined copper 
• Diameter = 10cm  
• Ammonia at 9.303µm 
using a CO2 laser 
• 430±25cm. 
Tranchart et 
al[12] 
1990 • SpectralonTM 
• Diameter = 10cm 
• butane at 1.2µm using 
a multimode laser diode 
• water vapour in air at 
830-nm  using single-mode 
laser diode 
• 203cm for 
butane 
• 442cm for 
H2O 
Hawe et 
al[13] 
2007 • SpectralonTM 
• Diameter = 5cm 
• Ozone using a 
deuterium/halogen source 
with a spectrometer at 
603nm 
• Nitrogen at 370nm 
using UV LED  
• CO2 lines (1530 to 
1610 nm) 
• 70cm for 
Ozone 
 
 
• 55cm for 
nitrogen 
 
The following section presents the integrating sphere relations governing the throughput 
and the effective path length, relevant to its use as an MOC.  
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8.3 Integrating sphere relations  
For an empty sphere, the ratio of the total light output to total light in is given by[14] 
 
1 (1 )
exit exit
in total
f
f
ρ
ρ
Φ
=
Φ − −
  (8-1) 
where Φexit is total flux exiting a given port (Watts); Φin is total incident flux (Watts), 
fexit is exit port fraction (area of exit port /surface area of sphere), ftotal is total port 
fraction (sum of all port areas/surface area of sphere), and ρ is sphere wall reflectance (0 
≤ ρ ≤ 1). A sphere containing an absorbing medium has an effective reflectance that is 
given by[12] 
 [1 ( ) ]onceLρ α υ−   (8-2) 
where Lonce  is the average single pass through the IS, and α(υ) is the gas absorption 
coefficient. 
Equation (8-1) can therefore be modified accordingly to include the effects of an 
absorbing medium in the gas cell. 
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in once total
L f
L f
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  (8-3) 
The dependence on Φin  and the exit port fraction can be eliminated by dividing 
equation (8-3) by (8-1) giving 
 
( ) [1 ( ) ][1 (1 )]
1 [1 ( ) ](1 )
exit once total
exit once total
L f
L f
α α υ ρ
ρ α υ
Φ − − −
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Φ − − −
  (8-4) 
The fractional power absorbed by a sample in a sphere can be expressed as 
 
( ) ( )1exit exit
exit exit exit
α αΦ − Φ∆Φ Φ
= = −
Φ Φ Φ
  (8-5) 
Equation (8-5) can be manipulated to give an expression for the fractional absorption[12] 
 
( )
1 [1 ( ) ](1 )
once
exit once total
L
L f
α υ
ρ α υ
∆Φ
=
Φ − − −
  (8-6) 
For a single pass through a weakly absorbing gas, Lonce = 2/3 of sphere diameter (D)[12] 
and α(υ) Lonce << 1. Equation (8-6) therefore simplifies to  
 
1( )
1 (1 )onceexit total
L fα υ ρ
 ∆Φ
=  Φ − − 
  (8-7) 
The term in brackets on the right hand side of equation (8-7) is often termed the sphere 
multiplier (M)[20] resulting in further simplification of the fractional absorbance 
equation 
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 ( ) ( )(2 / 3 )once
exit
L M D Mα υ α υ∆Φ = =
Φ
  (8-8) 
The throughput at a port is given by  
 
in
OpenPort port out
s
M A
Api
ΦΦ = × × ×Ω   (8-9) 
where outΩ is equal to pi steradians or 180 degrees full hemisphere and As is the internal 
surface area of the integrating sphere. If the output flux is sampled with a detector with 
a defined field of view, the throughput is given by 
 
2
det det sininector ector
s
M A
A
pi θ
pi
ΦΦ = × × ×   (8-10) 
where θ is the half angle of the field of view of the detector. However if a lens is used 
with the detector, it may be more convenient to estimate outΩ  from the F# of the 
system. In this case the sphere throughput is given by  
 det det 2(2 #)
in
ector ector
s
M A
A F
pi
pi
ΦΦ = × × ×   (8-11) 
Optical fibre can also be used to couple light out of the sphere. Since fibre ends are 
highly polished, their reflectivity is taken into account and the solid angle is estimated 
from the numerical aperture (NA). 
 
2(1 )infibre core reflect
s
M A R NA
A
pi
pi
ΦΦ = × × − ×   (8-12) 
8.4 Sphere calibration experiments 
This section reports a number of experiments that were conducted to prepare and 
calibrate integrating spheres that were used for gas absorption experiments and to 
confirm relations presented in section 8.3. 
Three commercially sourced integrating spheres were used for the investigations. The 
details including the standard port sizes are given in Table 8-2. Also presented in Table 
8-2 are the expected theoretical path lengths calculated using the standard port sizes. In 
practice, the port sizes could be reduced using port reducers/adapter to increase the path 
length. 
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Table 8-2: Details of the integrating spheres used. 
Internal diameter Supplier Coating Standard port sizes 
1 inch sphere SphereOptics ZenithTM 3 ports with diameters of 
12.7mm 
2 inch sphere Thorlabs ZenithTM 3 ports with diameters of 
12.7mm 
Detector port  = 3 mm 
4 inch sphere SphereOptics ZenithTM 4 ports with diameters of 
25.4mm 
 
Several sources were used in this chapter including (1) the 1651nm DFB module 
previously described in section 5.1.1, (2) a 1651nm fibre coupled DFB and (3) an 
823nm Fabry-Perot laser diode in a 9mm T0 can, (4) a 1651nm VCSEL in a MTE 
package. The commercially available InGaAsP VCSEL diode module is mounted in a 
standard 8 pin T046 package and consisted of; 
• a 1651nnm DFB laser diode chip mounted on a thermoelectric cooler (TEC) 
element for heating or cooling the diode 
• a negative temperature coefficient thermistor (NTC) for sensing the operating 
temperature of the laser 
 
 
Figure 8-2: The 1651nm VCSEL diode  (a) Picture of T046 can (b) Picture taken with cap removed. 
 
Light from the sources could be coupled into the spheres in a number of ways. As 
illustrated in Figure 8-3(a) a collimated beam was injected into the sphere as in the case 
of the DFB module (previously described in section 5.1.1). In this case the first strike 
spot becomes the virtual source. If the first strike spot is in the field of view of a 
detector mounted onto the sphere as depicted in Figure 8-3(a), artificially high level of 
signal will be recorded. In the experiments the detector port was shielded from the first 
strike spot by 
(a) 
9mm 
VCSEL: Top view with cap removed 
 
VCSEL: T046 can 
 
(b) 
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1. Use of a baffle made of the same material as the sphere internal wall 
located between the first strike spot and the detector (Figure 8-3(a)). 
2. Deliberately limiting the field of view of the detector by stopping down 
or recessing the detector. 
In a second configuration, the laser diode (9mm and MTE packages) could be mounted 
directly onto the integrating sphere (illustrated in Figure 8-3(b)) using a custom 
mounting adapter (pictured in Figure 8-5(a), such that a diverging beam is incident on 
the first strike spot. In this case the baffle was placed between source and detector to 
prevent light from reaching the detector directly before striking the sphere wall.  
The 1 inch and 4 inch spheres had integral baffles to shield the detector from the source 
or first strike spot as shown in Figure 8-3. 
 
Figure 8-3: Schematic diagrams of integrating spheres showing the location of baffles placed 
between output port and the so called “first-strike spot”[14]. (a) The input beam is collimated. (b) 
The input beam is expanding. 
 
The 2 inch sphere used a recessed detector port. A schematic diagram of the 2 inch 
sphere is shown in Figure 8-4.  
 
Figure 8-4: (a) Schematic diagram of an integrating sphere with a 2inch internal diameter. Image 
taken from Thorlabs document IS200-E01. The 3mm diameter detector port was configured such 
that sources with a divergence half angle of up to 56 degrees can be used without requiring a baffle. 
(b) Picture of integrating sphere taken from ThorlabsTM website. 
12.5mm 
entrance port 
12.5mm  
gas in port 
12.5mm 
 gas out port 
3mm diameter 
detector port  
 
fibre port adapter 
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Port plug 
(a) (b) 
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The location of the detector port and entrance port was such that the detector was not in 
the field of view of sources with a divergence half angle of up to 56 degrees or 0.83NA 
(NA, numerical aperture), negating the need for a baffle. 
 
 
Figure 8-5. (a), (b) and (c) pictures of custom laser diode mount for attaching laser diode directly 
onto the sphere. (d) One inch integrating sphere with a laser diode mount and detector directly 
attached to it. (e) Picture of the 2 inch integrating sphere showing gas pipes, a detector modified to 
be attached to the sphere directly and light coupled to the sphere via fibre. Key; APC: angle 
polished connector. 
 
The following section reports a series of sphere calibration experiments including 
1. speckle related intensity uncertainty, 
2. determination of the effective path length of the sphere, 
3. characterisation of the output linearity. 
APC fibre 
connector 
amplified 
detector 
Custom Laser 
mount Threaded adapter that allow mount to be directly mounted onto 
the sphere 
(a) 
(d) 1 inch sphere 
(e) 2 inch sphere 
(b) (c) 
gas  
pipes 
Laser 
diode 
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8.4.1 Speckle noise in integrating spheres 
A systematic study of speckle effects in TDLAS was reported in chapter 7 (sections 7.2 
and 7.3). This section discusses the implications of speckle related intensity uncertainty 
in a TDLAS system employing an integrating sphere as a gas cell. 
The speckle related intensity uncertainty (for a single static speckle pattern) in an 
integrating sphere is governed by the relations presented in section 4.1. In the case of 
objective speckle the illuminated area is defined by the field of view of the detector. The 
relationship for subjective speckle is unchanged (i.e. the uncertainty is inversely 
proportional to the F# of the light collection system).  
Figure 14 shows objective speckle images obtained by a camera placed at a port of a 2 
inch internal diameter integrating sphere with (a) 12.7mm aperture, (b) 7mm aperture, 
(c) 600µm aperture, and (d) 200µm aperture. The theoretical size of subjective speckle 
was estimated by using the equation 1.22 (1 )s M Fε λ= + #. 
 
 
Figure 8-6: Speckle patterns obtained from an integrating sphere with an internal dimeter of 2 
inches for various F#s. 
 
εs = 10µm εs = 19µm 
εs = 216µm εs = 650µm 
12.7mm 
  8-186 
Figure 8-7 shows a multimode fibre (Edmund Optics59289) coupled to the integrating 
sphere using an aspheric lens (Thorlabs F230SMA). The fibre output was recorded by a 
CCD camera. The recorded images are shown in Figure 8-8. The features (thought to be 
a combination of speckle and modes) in the recorded image shown in Figure 8-8(a) 
could be washed out by lightly tapping the fibre (Figure 8-8(b)). This shows that 
agitating the fibre (easily implemented) can be used as a means of reducing speckle 
related intensity uncertainty as previously discussed in 7.3. 
 
Figure 8-7. Schematic diagram of an experimental set up that was used to record the output of a 
multimode fibre coupled to an integrating sphere with an internal diameter of 2 inches.  
 
 
Figure 8-8: Images of light coupled out of multimode fibre (100µm core, 0.12NA). 
 
8.4.2 Effective absorption path length 
A description of the effective path length determination procedure is presented with the 
aid of the experimental setup shown in Figure 8-9. 
The effective path length was estimated from Beer’s Law written in terms of absorbance 
A 
 0ln( / )A I I CLα= =   (8-13) 
where α is the absorption coefficient and C is the gas concentration, L is the path length, 
I0 is the initial intensity and I is the transmitted intensity. With reference to Figure 8-9, 
if the path length of the cell (Lcell) is precisely known, the effective path length of the 
(a) fibre coupled to sphere (b) fibre lightly tapped by finger 
APC 
multimode fibre 
100µm core, 
0.12NA 
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sphere (Lsphere) can be calculated by simultaneously measuring absorbances for the cell 
(Acell) and the sphere (Asphere). The ratio of the absorbances is equal to the ratio of the 
path lengths (valid only for the linear region of the Beer’s law). 
 
sphere
sphere cell
cell
A
L L
A
=   (8-14) 
Asphere and Acell were calculated from the simultaneous measurements of I0 and I for 
various gas concentrations. 
 
 
 
Figure 8-9. Schematic diagram of the experimental setup that was used to determine the effective 
path length of the integrating sphere. The gas cell series configuration was first used by Abdullin 
and Lebedev[11]. 
 
In one configuration, optical fibre was used to couple light into the sphere. Port plugs 
with the same inner reflective material (ZenithTM) as the sphere were used to reduce the 
effective port diameters and thereby increase the effective path length of the integrating 
sphere. The port sizes (diameters) were as listed below; 
1. light entrance port (via adapted port plug)= 1.5mm, 
2. gas in port (pipe attached to adapted port plug)= 1.5mm, 
3. gas out port (pipe attached to adapted port plug) = 1.5mm, 
4. detector port = 1.5mm. Multimode fibre (Thorlabs BFH48-1000) with core 
diameter of 1mm and 0.48NAwas used. 
The values listed above yield ftotal = 1.28× 10-3. The reflectivity of the sphere at 1650nm 
was estimated to be 0.983< ρ<0.985 from the manufactures data sheet. The effective 
path length L was calculated using equation (8.8) to be in the range 183cm < L < 205cm 
(see in Table 8-3). 
Amplified 
detector 
Gas in 
Amplified 
detector 
gas out 
computer 
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amplifier 
Amplifier 
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Table 8-3: Estimates of effective pathlength calculated for different reflectivities for a 50.8mm 
internal diameter sphere. 
REFLECTIVITY THEORETICAL 
MULTIPLIER M 
THEORETICAL 
EFFECTIVE PATH LENGTH 
0.983 54 183cm 
0.984 57 193cm 
0.985 61 205cm 
 
The path length of the 2 inch integrating sphere was determined experimentally as 
follows. The experimental setup shown in Figure 8-9 was used. The output of the laser 
was divided by a beam splitter. One path was coupled into an integrating sphere with a 
diameter of 50.8mm and the other path was directed onto a detector after passage 
through a 100mm gas cell. Gas inlet and outlet pipes were attached such the sphere and 
the 100mm cell were connected in series. This ensured that the integrating sphere and 
the 100mm gas cell were filled with the same gas. The absorption peak was located by 
adjusting the laser current until the reference transmitted signal was minimum. The 
detector signal was recorded before (equivalent to I0) and after (equivalent to I) 
introducing methane gas of a known concentration into the cells. A sample plot is 
shown in Figure 8-10. 
 
Figure 8-10: Plots of the detector signal corresponding to the transmitted signal in the cell and the 
sphere. Initially the sphere was full of hydrocarbon free air, 12,500ppm methane was then 
introduced into the cells. 
 
The recorded signals corresponding to I and I0 were then used to calculate the 
Absorbance A, from which the effective absorption path length of the sphere was 
estimated by applying equation (8.14). A sample of the results is presented in Table 8-4 
below. 
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Table 8-4: Experimentally determined effective absorption path length calculated from 
simultaneous measurements of absorbance from the 2 inch sphere and a 10cm gas cell for different 
methane gas concentrations. 
CONCENTRATION Acell Asphere (2 inch) Lsphere /cm 
12,500ppm 0.046 0.85 184 
7,140ppm 0.026 0.49 187 
12,500ppm 0.051 0.94 183 
9,500ppm 0.040 0.72 176 
3,500ppm 0.013 0.25 183 
 
For the configuration used the average path length was found to be 183±4mm. This 
result is comparable to the theoretical path length estimated in Table 8-3 for a 
reflectivity ρ of 0.983.  
Table 8-5 provides port sizes that were typically used to optimise path length as well as 
throughput of the integrating spheres. Also shown in the table are the expected 
theoretical effective path lengths. 
Table 8-5: Typical port dimensions that were used in the experiments and the theoretical expected 
path lengths calculated using ρ = 0.983. 
Sphere diameter Practical port sizes THEORETICAL 
MULTIPLIER M 
For ρ = 0.983 
THEORETICAL 
EFFECTIVE PATH 
LENGTH 
25.4mm Source = 6.35 
Detector =12.7mm 
Gas in = 1.5mm 
Gas out = 1.5mm 
10.1 170mm 
50.8mm Source = 6.35 
Detector =12.7mm 
Gas in = 1.5mm 
Gas out = 1.5mm 
26 900mm 
101.6mm Source = 6.5 
Detector =6.6mm 
Gas in = 1.5mm 
Gas out = 1.5mm 
51 3440mm 
 
In summary, a method that was used to determine the effective path length of the sphere 
has been presented. The theoretical and the experimental results were in good 
agreement.  
In section 2.6.1, it was stated that the 2f output is only linear for small concentrations 
(i.e. αCL<<1). For the methane line at 1650nm, the product αL (0.38cm-1× 183cm) is 
approximately 70. Therefore for the 2 inch sphere configured as described above (i.e. L 
= 183cm), the output of the system is expected to be nonlinear at relatively low methane 
concentrations. This was confirmed by obtaining a plot of the 2f signal against 
  8-190 
concentration with the sphere configured as above and using a modulation index* m = 
2.2. The result is shown in Figure 8-11. 
 
Figure 8-11: (a)Plot of 2f signal against concentration;. (b) Plot of the  2f signal for concentration 
below 2000ppm extracted from (a). The effective path length was 183cm, m = 2.2 and the detector 
(PDA400) gain was 40dB. 
 
As expected, Figure 8-11(a) and (b) show that the output is nonlinear at relatively low 
values of methane concentration. In the next section, a series of experiments conducted 
to investigate the nonlinear output of the system is reported. 
8.4.3 Investigation of nonlinear effects in an integrating sphere  
The output of a WMS instrument using the 2f demodulated signal as the system output 
is taken to be linear by making the assumption that the Beer’s law transmittance T  
 
CLT e α−=   (8-15) 
can be approximated by 
                                               
*
 Ratio of the modulation amplitude to the half width half maximum of the gas absorption line. 
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 1approxT CLα= −   (8-16) 
if 1CLα << , where α is the absorption coefficient, C is gas concentration and L is the 
path length over which the light interacts with gas (See section 2.6.1 for detailed 
theoretical description of WMS). This is justified by the fact that in most practical 
situations the concentration of the gas being measured is small.  
At high concentrations or long path lengths, the assumption no longer holds true, 
therefore to accurately model the 2f output, the transmittance expression given by 
equation (8.15) must be used in the WMS formalism. Figure 8-12(a) shows the 
theoretical plots of equations (8.15), annotated “Beer’s law”, and (8.16), annotated 
“approximation”, for path lengths of 10cm and 100cm. Equations (8.15) and (8.16) are 
in agreement only for values of 1CLα << . Figure 8-12(b) shows a plot of the 
percentage error in the reported transmittance associated with using Tapprox for L 
=100cm and α = 0.38cm-1. 
 
Figure 8-12: Theoretical plots of transmittance using equations (8.15) and (8.6) for path lengths of 
10cm and 100cm. α = 0.38cm-1. (b) Plot of error (∆T = Tapprox-T) in transmittance against 
concentration. 
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In section 8.3 the fractional absorbance in an integrating sphere was given as  
 ( ) ( )(2 / 3 )once
exit
L M D Mα υ α υ∆Φ = =
Φ
  (8-17) 
Where M was defined as  
 
1
1 [1 ( )(2 / 3 )](1 )total
M
D fρ α υ= − − −   (8-18) 
Which, 1Lα <<  reduces to  
 
1
1 (1 )est total
M fρ= − −   (8-19) 
It is worth pointing out two observations, 
1. The multiplier in (8-18) was arrived at by making the small concentration 
assumption that Le α− can be approximated by 1 Lα− . If this condition is not 
satisfied then the sphere multiplier depends on the gas concentration. 
2. There is potentially an error in the path length calculated associated using 
equations (8-18) and (8-19) which depends on the magnitude of α(ν)(2/3)D. 
 
The experimental setup to characterise the nonlinearity of the integrating sphere is 
shown in Figure 8-13. 
 
Figure 8-13: Experimental setup used to characterise the nonlinearity of the integrating sphere. 
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In a first experiment, the integrating sphere nonlinearity was characterised by obtaining 
a plot of absorbance A (defined as ln(1/T)) against concentration. The detector signal 
was recorded as the laser emission frequency was slowly scanned (3mHz ramp 
frequency) across the gas absorption line to obtain a record of the transmitted signal 
from which I0 and I could be determined. The scan was performed for gas 
concentrations in the range 490-12500ppm. The 2 inch sphere was used for this 
experiment. Figure 8-14 shows direct absorption plots (only a small sample shown for 
clarity) after normalising with the DC plot obtained with the gas cell filled with 
hydrocarbon free air.  
 
Figure 8-14. Normalised direct absorption signals (transmittance). The detector (Thorlabs PDA400) 
transimpedance gain was 0dB. 
 
The minima of the normalised plots were taken to be the transmittance (I/I0). A plot of 
absorbance A against concentration is shown in Figure 8-15. For comparison, also 
shown in Figure 8-15, is a plot of peak 2f signal against concentration obtained with the 
same sphere configuration. The 2f experiment was conducted immediately after the 
absorbance experiment with no changes made to the experimental setup. 
Both the plots of absorbance and 2f against concentration were observed to be nonlinear 
with the nonlinearity more pronounced in the latter. The nonlinearity is an apparent 
deviation from Beer’s law behaviour, which could be caused by the following effects: 
• The path length distribution is non-uniform. 
• WMS using 2f as system output is more nonlinear as both the peak 
height and line shape are affected. 
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Figure 8-15: Plots of (a) absorbance against concentration (b) 2f signal (m = 2.2) against 
concentration. The detector (Thorlabs PDA400) transimpedance gain was 0dB (4.7×105V/A). 
 
In a second experiment, the 2f output nonlinearity of the 2 inch and 4 inch integrating 
spheres was characterised using the experimental setup shown in Figure 8-13 in the 
following manner. The 2f demodulated signals were recorded for different methane 
concentrations in the range 1000ppm to 2.5% with the laser frequency locked to the 
peak of the gas absorption line. The 4 inch and 2 inch spheres configured such the 
expected theoretical path lengths were 344cm and 90 cm respectively (Table 8-5). The 
results are shown in Figure 8-16.  
The demodulated 2f output of both the 2 inch and 4 inch sphere exhibit a response that 
is nonlinear in concentration. As the experimental data for both plots were obtained 
simultaneously, the product Cα is the same in both cases. Therefore the difference in 
the response curves can be attributed to the difference in the effective path lengths of 
the spheres. 
In summary, it has been shown that the output of the sphere will be nonlinear. It is 
expected that the output curvature will depend on the path length distribution which is a 
function of sphere reflectivity and the port sizes. Therefore for each sphere 
configuration, a calibration is required. In practical WMS systems calibration is 
required any way as 2f output is not a direct measure of concentration. 
In conclusion, due to the long path lengths, the condition 1CLα <<  (for which the 2f 
output is assumed to be linear) is not satisfied at relatively low concentrations in 
integrating spheres (Figure 8-16(b)). In addition, in an integrating sphere, there are 
multiple path lengths from entry port to detector port due to multiple reflections. For 
each path, there is a Beer’s law response curve associated with it. Therefore to 
accurately model the integrating sphere nonlinearity, a model of the path length 
distribution is required. 
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Figure 8-16: (a) Plots showing the nonlinear 2f demodulated output from a 4 inch sphere and a 2 
inch sphere. (b) Plots for concentrations below 5000ppm. 
 
8.5 Self mixing interference fringes in integrating spheres 
The aim of this section is to investigate the presence of self mixing effects in integrating 
spheres. Self mixing interference fringes from diffusely reflecting samples were 
observed in section 6.2.5 using the experimental configuration shown in Figure 8-17(a). 
The period of the fringes was found to correspond to the distance d between the diffuser 
and the laser diode. The amplitude of the fringes was found to be proportional to the 
level of light coupled into the laser cavity. For a perfect Lambertian diffuse reflector, 
the level of light returned into a small solid angle δΩ is given by 
 ( )3 1 cos 2
4
r ρ θ δ
pi
= + Ω  (8-20) 
Where ρ is the fraction of light backscattered in total by the diffuser and θ is the angle 
that the collection axis makes to the normal to the surface. 
Integrating sphere surfaces approach perfect Lambertian diffuse reflectors with F = 0.99 
(for SpectralonTM and ZenithTM, as used in the experiments). Therefore it is expected 
that self mixing interference effects will be observed in an integrating sphere if a laser 
diode were to be mounted onto the sphere as shown in Figure 8-17(b).  
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Figure 8-17: (a) Schematic diagram of a typical experimental setup for detecting the self mixing 
effect using a monitor photodiode integrated in a laser diode package. (b) Schematic diagram of a 
sphere configuration which may be susceptible to the self mixing effect due to backscatter from the 
so called “first-strike spot”[14] or hot spot.  
 
In the absence of a hot spot in the integrating sphere, the light coupled into the laser 
diode would be governed by integrating sphere throughput relations presented in section 
8.3. The throughput (in this case light coupled into the laser) of an empty integrating 
sphere (as arranged in Figure 8-17 (b) is given by equation  
 
1 (1 )
in
exit emitter
s total
A
A f
ρ
pi ρ
 ΦΦ = ×Ω 
− − 
 (8-21) 
Where in this case, Aemitter is the emitter area and 2sinpi θΩ = . This assumes that the 
sphere is uniformly illuminated after the first bounce. This assumption is valid in the 
case of a detector port that can be shielded from the first strike spot by the use of a 
baffle. However, in the configuration shown in Figure 8-17 (b), the laser diode emitter 
is not shielded from the first strike spot. Therefore in practice, one would expect that the 
first strike spot makes a significant contribution to the optical feedback. The system can 
be approximated by the configuration of Figure 8-17 (a) by assuming that the first strike 
spot is perpendicular to the collection axis. Therefore it is expected that the level of light 
fed back into the laser due the first strike spot is approximately given by equation (8-
20). 
8.5.1 Confirmation of self mixing in integrating sphere with a Fabry-
Perot laser diode  
A series of experiments was conducted to investigate the occurrence of self mixing 
interference effects in an integrating sphere in the case of a laser diode directly mounted 
onto the sphere as shown in Figure 8-17(b). For this set of experiments, a 150mW single 
(a) 
monitor 
photodiode 
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longitudinal mode Fabry-Perot laser diode (Spectra Diode Labs 5400 series) emitting at 
823nm was used for the following reasons: 
1. The module has a photodiode, which was used to monitor the laser emission. 
Using a detector mounted on the sphere means the measured intensity is affected 
by multiple scattering effects and speckle related intensity uncertainty. 
2. The DFB module would exaggerate the effect in two ways 
o The collimated output leads to an intense first strike spot. 
o The collimating lens also enhances optical feedback as it collects light 
and focuses it at the emitter facet.  
3. The VCSEL has no photodiode. Although the voltage drop across the VCSEL 
can be used to monitor self mixing effects, the signal to noise ratio is poor 
(demonstrated in section 6.2.3). 
 
A first experiment was conducted to confirm that self mixing interference fringes could 
be observed on the monitor photodiode of the Fabry-Perot laser diode in the straight 
forward case of diffuse reflections from samples of SpectralonTM and ZenithTM. The 
experimental set up shown in Figure 8-18 was used. The samples of SpectralonTM and 
ZenithTM were placed at distances of 25.4mm, 50.8mm and 101.6mm. The distances 
were chosen so that the results could be compared with results from a following 
experiment in which the diffusive samples were replaced by integrating spheres of 
internal diameters of 25.4mm, 50.8mm and 101.6mm. The 2f demodulated monitor 
photodiode signal was recorded as the laser diode was slowly scanned (several mHz) 
from 95-125mA. This corresponded to a tuning range of 30mA×1.3GHz/maA= 39GHz. 
 
 
Figure 8-18: Schematic diagram of experimental setup for investigating optical feedback from 
diffusive samples (SpectralonTM and ZenithTM) placed at distances L (25.4mm, 50.8 and 101.6mm) 
from the laser.. Key; PD: photodiode, LD: laser diode. 
 
The results from the experiment using the diffusive samples are presented in Figure 
8-19.  
The results are consistent with interferometric fringes due to self mixing. A quantitative 
analysis of the fringes is presented in Table 8-6. Similar results were obtained in the 
case of SpetralonTM and ZenithTM. 
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Figure 8-19: Self mixing interference fringes detected at the monitor photodiode. Fringes caused by 
optical feedback from a sample of SpectralonTM placed at distances d (24.5mm, 50.8mm and 
101.6mm) from the laser. 
 
Table 8-6: Quantitative analysis of the self mixing interference fringes.  
Distance dexp from 
diffuser to laser /mm 
25.4 50.8 101.6 
Current range / mA 95-120 95-120 95-120 
No of fringes 8±2 11±2 22±2 
calculated cavity 
length dcalc / mm 
36±12 49.6±15 99.2±26 
 
This was taken as confirmation that the Fabry-Perot laser diode was suitable for 
conducting investigations of self mixing interference effects in the integrating spheres. 
In a second experiment the laser was directly attached to the sphere input port as shown 
in Figure 8-20. A detector/amplifier (Thorlabs PDA400) was attached to a port 
orthogonal to the input port. A baffle, located between the source and detector port 
prevented the laser emission from directly impinging on the detector. The detector and 
monitor photodiode outputs were recorded simultaneously as the laser operating DC 
current was ramped from 95mA-125mA.  
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Figure 8-20: Schematic diagram of experimental setup for investigating optical feedback from 
integrating spheres of diameters (25.4mm, 50.8 and 101.6mm) from the laser.  
 
Figure 8-21 shows the demodulated monitor photodiode output for the three integrating 
spheres.  
 
Figure 8-21: Normalised self mixing interference fringes detected at the monitor photodiode. 
Fringes caused by optical feedback from integrating spheres of diameters; 24.5mm, 50.8mm and 
101.6mm. 
In the case of the 2 inch and the 4 inch integrating spheres, interference fringes with a 
FSR corresponding to the diameter of the integrating sphere were obtained (Table 8-7). 
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The results are consistent with the behaviour of self mixing interference fringes. In the 
case of the 1 inch integrating sphere, the recorded plot appeared to have two distinct 
frequency components (Table 8-7). The lower frequency fringe could be attributable to 
self mixing from the first strike spot. The source of the higher frequency fringes is 
uncertain. 
Table 8-7: Quantitative analysis of the self mixing interference fringes.  
25.4 Sphere 
diameter/mm Period 1 Period 2 
50.8 101.6  
Current range / mA 95-120 95-120 95-120 95-120 
No of fringes 6±1 22±5 11±1 17±3 
FSR/mA 4.2±0.7 0.93±0.2 2.3±0.2 1.1±0.1 
Laser current tuning 
(DC) / GHz/mA 
1.33±0.3 1.33±0.3 1.33±0.3 1.33±0.3 
FSR / GHz 5.5±1.6 1.2±0.4 3±0.7 1.5±0.4 
calculated cavity 
length dcalc / mm 
27±2.6 122±35.5 49.6±11 81.1±22.8 
 
Figure 8-22 shows a comparison of the monitor photodiode signals (previously shown 
in Figure 8-21 and the amplified photo detector signals obtained simultaneously.  
 
Figure 8-22: Self mixing interference fringes detected at the monitor photodiode. Fringes caused by 
optical feedback from integrating spheres of diameters; (a) 25.4mm, (b) 50.8mm and (c)101.6mm. 
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In the case of the 2 inch and 4 inch spheres, the signals recorded at the photo detector 
mounted onto the sphere appear to be “scrambled” versions of the signals recorded at 
the monitor photodiode. The washing out of the periodicity could be attributable to the 
effects of speckle noise or multiple scattering or a combination of both. Similarities 
between the signals obtained from the 1 inch sphere were not obvious. 
The following section reports experiments investigating self mixing effects in a 2 inch 
integrating sphere using the DFB laser with the collimated output. 
8.5.2 Self mixing with DFB laser  
The experimental setup was arranged as shown in Figure 8-23. The approximate 
distance from the laser to the ‘first strike spot’ was approximately 10cm. The first strike 
spot is effectively the port directly opposite the entry port. This will be referred to as the 
180 degree port (annotated in Figure 8-23).  
 
Figure 8-23: Experimental setup for investigating the self mixing effect in the 2 inch integrating 
sphere. 
Plots of the monitor photodiode and detector D4 signals were recorded simultaneously 
in the presence and absence of feedback from sphere. This was achieved by locating the 
sphere at distances of 10cm and >1m from the laser respectively. The field of view and 
therefore the amount of light arriving at D4 was controlled by a calibrated iris 
diaphragm (variable from 1mm to 12mm with a resolution of 0.5mm). The detector D4 
signals was recorded for 1mm and 10mm aperture. 
Figure 8-24 shows the normalised 2f plots of the monitor photodiode signal with and 
without feedback. The plot obtained in the presence of feedback from the sphere is 
consistent with self mixing interferometric fringes (calculated cavity spacing = 
104±6mm). 
A similar result (to Figure 8-24) was obtained when the reference signal (monitor 
photodiode) was recorded with the 180 degree port open with laser located 10cm from 
sphere first strike spot (Figure 8-23). This was effectively recording the reference signal 
with no external feedback as the collimated beam is transmitted straight through the 
sphere (beam diameter < 8mm and sphere port= 12.7mm). The reference signal was 
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then recorded with the 180 degree port plugged (i.e. with feedback from the sphere). 
The port plug was made of the same material as the sphere interior. 
 
Figure 8-24: Reference monitor photodiode signals. (a) no external feedback, obtained with entry 
port and 180 degree port open. The plot with external feedback obtained with 180 degree port 
closed with SpectralonTM port plug. (b) The normalised plots of figure (a). The laser temperature 
was set at 40 degrees (off the gas line).  
 
The plots of the 2f demodulated output of detector D4 obtained with and without 
feedback are shown in Figure 8-25(a) and (b) respectively. The plots corresponding to 
“without feedback” in Figure 8-25(b) were recorded with 180 degree port plugged, but 
with laser located a distance of greater than 1 metre from laser. 
 
Figure 8-25: 2f demodulated signals obtained from D4 with 1mm and 10mm apertures placed on 
detector. Signals recorded at detector D4 (a) in the presence of feedback from the sphere (b) in the 
absence of external feedback. PDA400 gain = 40dB. 
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Both the plots (with and without feedback) exhibit a comparable intensity uncertainty 
that is not periodic in phase as the signal detected at the monitor photodiode. However, 
the intensity uncertainty is lower in the case of the plots obtained with a large aperture 
(i.e. 10mm).  
The result shown in Figure 8-22 and Figure 8-25 are consistent with multiple reflections 
or speckle related intensity uncertainty in the sphere causing a reduction in the contrast 
of interference fringes. This hypothesis was tested in the following section. 
8.5.3 Effect of integrating sphere on fringe visibility 
The principle of the test involved coupling into the sphere an interferometric signal with 
“good” fringe visibility or contrast. By comparing the contrast at the entry port (before 
entering the sphere) and at the exit port, the effects of the sphere on fringe visibility 
could be observed.  
The effect of the integrating sphere on self mixing signals was investigated by using a 
modified experimental setup of Figure 8-23 as shown in Figure 8-26 below.  
 
 
Figure 8-26: Experimental setup for investigating the effect of the sphere on externally generated 
interferometric self mixing signals. 
 
An uncoated wedged window was placed in the path of a collimated DFB laser beam. 
The Fresnel reflection from an uncoated wedged window (4%, reflectivity of BK7 at 
1650nm) was directed into the laser and the transmitted beam was coupled into the 
sphere via an open port (entry port hereinafter). The reason for this arrangement was to 
generate an interferometric signal that was large in magnitude in comparison to the 
intensity uncertainty recorded at detector D4. As a precaution, the sphere was 
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deliberately located a long way from the laser (> 1 metre) to minimise the effects of 
scattering from components placed at the entry port or the sphere external surface.  
An integral monitor photodiode was used to monitor the DFB laser emission to confirm 
the Fresnel reflection from the wedge induced self mixing interference fringes. A 
detector D2 (Thorlabs PDA400) could also be placed between the wedged window and 
the sphere to monitor the signal entering the sphere. A second amplified photo detector 
D4 was directly mounted onto the integrating to monitor the sphere throughput. 
The plots of the demodulated 2f monitor photodiode and detector D2 outputs are shown 
in Figure 8-27. The results are consistent with self mixing interference fringes 
(calculated fringe period = 169±13mm). 
 
Figure 8-27: Confirmation of the presence of self mixing interference fringes due to Fresnel 
reflection from a wedged window. (a) Monitor photodiode signal. (b) Detector D2 placed in the path 
of the transmitted beam between wedged window and the integrating sphere. 
 
Signals from detector D4 were obtained in the presence external feedback from the 
wedge for the following aperture sizes; 1mm, 5mm, and 10mm and also with no 
aperture on the sphere port (i.e. detector with a field of view of approximately 180 
degrees). The results are shown in (Figure 8-28). As the aperture or field of view of the 
detector increases, the visibility of fringe signal improves (Figure 8-28).  
One possible explanation is that when the amount of light arriving at the detector is 
relatively low or when the detector field of view is small, the interference signal is 
dominated by intensity uncertainty due to laser intensity noise, RIN or speckle noise. 
This uncertainty reduces the fringe contrast. 
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Figure 8-28: Second harmonic signals obtained from D4 for various aperture sizes (a) 1mm. (b) 
2mm. (c) 5mm. (d) 8mm. (e) 10mm. Detector PDA400 gain = 40dB. 
 
The following section reports experiments that were conducted to investigate the 
implications of self mixing effects for gas absorption measurements using integrating 
spheres. 
8.5.4 Use of the 1650nm VCSEL with the 2 inch integrating sphere 
The results reported this section were obtained in collaboration with Dr Stephane Shilt*. 
The experiments involved conducting gas absorption experiments using a VCSEL 
(Vertilas type VL-1651-1-SP-T5, # XLXR-RSOA-SLSE-F) and a 2 inch integrating 
sphere. The VCSEL and an amplified photo detector (Thorlabs PDA400) were mounted 
on the sphere as shown in Figure 8-29. The theoretical path length in this configuration 
was estimated to be 90cm.  
In a first experiment, plots of the 2f signal corresponding to 100ppm CH4 concentration 
and background signal were obtained by locking the laser emission frequency to the 
peak of the gas absorption line and current tuning the VCSEL from 2-6mA. The results 
are shown in Figure 8-30. 
 
                                               
*
 Project manager at IR Microsystems (IRM). Originally a spin off company from Federal Institute of 
Technology (EPFL) in Lausanne, Switzerland. IRM is now part of Leister Process Technologies, 
Switzerland. 
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Figure 8-29: Scheme of the experimental set-up used with the VCSEL laser. 
 
The effective path length was determined by comparing the normalised 2f peak signal 
from the integrating sphere to that of a standard cell of a known path length (16cm). The 
normalized signal was calculated by dividing the measured 2f signal by the detector DC 
signal at the centre of the CH4 line. A signal enhancement by a factor ~5.4 was obtained 
compared to the 16cm cell corresponding to an effective pathlength of 86 cm in the 
sphere (Figure 8-30(a)). 
 
Figure 8-30: Comparison of the CH4 [100ppm] signals in a 16cm cell and in the sphere. (a) 2f 
signals normalised by D.C component, offset subtracted. (b) Successive background signals. Laser 
temperature = 22.5°C, Detector PDA400 gain = 10dB. 
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An interference fringe like pattern was observed superimposed on the background 
signal. Successive measurements of the background signal were then performed to 
analyze the fringe pattern. The interference fringe signal was observed to be 
irreproducible, but a general trend was observed in each measurement, showing a rather 
periodic structure with a period of ~10 GHz, corresponding to a "cavity" of ~1.3 cm 
(see Figure 8-30.(b)). This result was unexpected as the source of such a cavity is not 
immediately apparent from examining Figure 8-29. The detector was recessed such that 
there no direct line of sight to the VCSEL.  
In a second experiment, the Ø1mm detector was replaced with a large area germanium 
detector (PDA50B-EC, Ø5mm). The rest of the system (as set up in the first 
experiment) was left undisturbed and the experiment repeated. The results are shown in 
Figure 8-31. 
 
Figure 8-31: Plot of the 2fsignal corresponding to CH4 [100ppm] signals in the sphere. (a) 2f signals 
normalised by D.C component, offset subtracted. Laser temperature = 22.5°C, Detector (PDA50B-
EC, Ø5mm). Gain = 10dB. 
 
In the case of the large area detector, the signal was more noisy (detector noise), but the 
contrast of the fringes was reduced compared to the Ø1mm detector ((Figure 8-30(a)). 
The same effective path length (86cm) was obtained as in the previous experiment.  
8.5.5 Discussion.  
The occurrence of interference effects in integrating spheres has been investigated. Self 
mixing interference fringes were observed in the case of a DFB laser and a Fabry-Perot 
laser diode. Although periodic signals were also observed in the case of the VCSEL it 
was difficult to establish conclusively that the observed fringes/signals were due to the 
self mixing effect due to the lack of monitor photodiode in this type of package.  
In an experiment in which a VCSEL was directly mounted on a 2 inch integrating 
sphere (path length approximately 100cm), the magnitude of the background signal 
(thought to be a self mixing interferometric signal) was found to correspond to a signal 
from 9ppm methane (Figure 8-30). 
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In experiments using the collimated DFB laser, the self mixing signal generated by 
reflection by backscatter from the integrating sphere were easily detectable on the 
monitor photo diode signal (Figure 8-24). However, the intensity uncertainty on the 
signal recorded at the sphere output port D4 in the absence of external optical feedback 
was on the same scale as in the case of self mixing (Figure 8-25). As a consequence, the 
signals recorded at D4 in the presence of feedback from the sphere appear to be 
dominated by this intensity noise (Figure 8-25) for all aperture sizes used in the 
experiment. 
On the other hand, the self mixing signal caused by reflection from the wedged window 
was clearly visible at the sphere output, D4, for large apertures (Figure 8-28). This was 
possibly because the signal was larger than the intensity noise recorded in the absence 
of feedback (Figure 8-25(b)). 
It appears that for small apertures at D4, there was a significant amount of intensity 
uncertainty (Figure 8-25(b)). This could be due to speckle noise or laser intensity noise 
or a combination of both. The case for speckle noise is supported by the fact that the 
intensity noise is significant even in the absence of external optical feedback. 
Furthermore, the uncertainty was observed to reduce with increasing field of view of 
detector (Figure 8-25) or using a large are detector (see Figure 8-30 and Figure 8-31). 
It is worth pointing out at this point that because of the optical feedback effects within 
the DFB module, it is not possible with this module to distinguish speckle related 
intensity from intensity noise (RIN) due to optical feedback from within the module. 
In the case of the DFB laser with a collimated output, feedback from the sphere was 
found to be negligible if the sphere was located at distances greater than 1 metre from 
the laser. Precautions should be taken to avoid feedback from the collimating optic. 
For sources directly mounted onto the sphere, as in the case of the Fabry-Perot laser and 
the VCSEL, a practical means of reducing optical feedback from the sphere is use of an 
isolator. At NIR wavelengths, small isolators (size comparable to aspirin tablet) are 
commercially available due to large Verdet* constant and high transmission of some 
materials (e.g. bismuth-iron-garnet has transmission of >96% at 1550nm and 30-50% 
between 750 and 850nm). In practice, the effectiveness of the isolator will be limited by 
the residual Fresnel reflectivity of the isolator aperture window facing the laser diode. 
8.6 Gas absorption measurements/sensitivity limits  
This section reports a number of gas absorption experiments that were conducted using 
the 2 inch and the 4 inch integrating spheres with the collimated DFB laser as the 
source. The experimental set up that was used is shown in Figure 8-32. The modulated 
                                               
*
 The magnetic field, B, applied to the Faraday rotator causes a rotation in the polarization of the light due 
to the Faraday effect. The angle of rotation, β, isdireclty proportional to the Verdet constant 
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output light of a frequency stabilised DFB laser was coupled into the integrating sphere 
via a wedged and AR coated window located at the entry port. The output of a detector 
amplifier (Thorlabs PDA400) which was directly mounted on the sphere was fed to a 
lock-in amplifier (Stanford Research Systems SR850) for phase sensitive detection at 
12kHz (2f) and digital multimeter for recording the DC output. The multimeter and 
lock-in amplifier signals were transferred to a computer running LabviewTM software 
via GPIB to high speed USB cable. 
 
 
Figure 8-32: Scheme of the experimental set-up used for conducting gas absorption experiments 
using integrating spheres.  
8.6.1 Gas absorption experiments using a 2 inch sphere 
In a first experiment plots of the 2f signal corresponding to 500ppm CH4 concentration 
and background signals were obtained by setting the DC current at 65mA and 
temperature tuning the laser. The sphere configuration yielded an effective path length 
of approximately 100cm. The results are shown in Figure 8-33. The detection limit was 
determined to be approximately 8ppm. This was calculated by dividing the standard 
deviation of the background signal by the peak 2f signal and multiplying the quotient by 
500ppm. 
In a second experiment the laser emission frequency was locked to the peak of the 
absorption line. The peak 2f was recorded for different concentrations; methane 
(1010ppm concentration) was gradually diluted with hydrocarbon free air using gas 
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flow controllers (Telydyne THPS-400-230). The recorded demodulated 2f output was 
plotted against concentration (Figure 8-34). 
 
 
Figure 8-33: Plots of CH4 (500 ppm) and background 2f signals observed with a direct coupling of 
the DFB laser beam into the sphere. IDC = 65mA. PDA400 gain = 0dB, lock-in amplifier time 
constant = 100mS, power in = 14mW 
 
 
 
Figure 8-34: Plots of 2f signal against concentration obtained with the 2 inch integrating sphere 
configured for a pathlength of approximately 100cm. (a) 2f signal for concentration in the range 0-
1000ppm. (b) 2f signal for concentration in the range 0-100ppm. 
 
In this configuration (effective path length = 100cm), the output appears to be linear for 
concentrations below 1000ppm.  
 
The following section reports gas absorption experiments conducted using the 4inch 
internal diameter integrating sphere. 
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8.6.2 Gas absorption experiments using a 4 inch sphere 
In a first experiment plots of the 2f signal corresponding to 50ppm CH4 concentration 
and background signals were obtained by ramping the laser operating current from 40-
75mA at a fixed operating temperature. The theoretical effective path length was 
estimated to be 344cm. The results are shown in Figure 8-35. The detection limit was 
determined to be approximately 1.6ppm. This was calculated by dividing the standard 
deviation of the background signal by the peak of the 2f signal and multiplying the 
quotient by 50ppm. 
 
Figure 8-35: Plots of CH4 (50 ppm) and background 2f signals observed with a direct coupling of 
the DFB laser beam into the sphere. PDA400 gain = 0dB, lock-in amplifier time constant = 100mS. 
 
In a second experiment, the laser diode output was locked to the methane line and 2f-
demodulated output was recorded whilst different methane concentrations (0ppm, 
25ppm and 50ppm) were delivered to the cell. Figure 8-36 shows the 2f demodulated 
output plotted as a time series against different methane concentrations. A quantitative 
analysis of the plot is presented in Table 8-8. 
 
Figure 8-36: Normalised 2f-demodulated output from detector plotted as a time series while 
different methane concentrations (in air) were delivered to the gas cells. (Lock-in τ 10s.) 
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Table 8-8: The SNR was calculated by dividing the background corrected methane signal by its 
standard deviation.  
 50ppm 25ppm 
Mean 0.66 0.33 
Standard deviation 0.01 0.014 
SNR 66  24 
Detection limit 0.5ppm 0.35ppm 
 
The detection limit was estimated to be 0.4ppm. 
In a final experiment to determine the detection limit of the system, the laser diode 
output was locked to the methane line and 2f-demodulated output was recorded while 
different methane concentrations were delivered to the integrating sphere. Figure 8-37 
shows a plot of 2f signal against concentration. 
 
Figure 8-37: Plot of 2f signal against concentration (Lock-in τ 10s). 
 
The detection limit in this experiment was approximately 4ppm. This was set by 
intensity uncertainty from the source (confirmed by measurements on the reference 
channel) and not by uncertainty generated in the sphere. 
8.7 Discussion 
In summary, gas absorption experiments were conducting using a 2 inch and 4 inch 
internal diameter sphere. The detection limit was found to be in the range 0.4 to 4ppm. 
The performance of the system was limited by interference effects from elsewhere in 
the system (thought to be the source) and not the integrating spheres. 
In addition to a discussion of the results presented in this chapter, this section will also 
consider a number of claims made by other researchers on the potential advantages of 
using integrating spheres as multipass cells in TDLAS 
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8.7.1 Ease of alignment 
In practice coupling the emission from the source to the detector via an integrating 
sphere was found to be a relatively easy task for all the configurations considered here 
(sample shown in Figure 8-38(a), (b) and (c)). In an experiment using the configuration 
shown in Figure 8-38(a), input powers as low as 20µW were detected.  
By comparing Figure 8-38 (a-c) to (d) it is apparent that less alignment effort to avoid 
formation of Fabry-Perot etalon is required in the case of the sphere compared to the 
standard cell configuration. The same conclusion is arrived at when an inspection of 
Figure 8-39 (a) and (d) is made. 
 
Figure 8-38: Schematic diagrams of a sample of integrating sphere configurations that were used 
for conducting gas absorption experiments.  
 
“For remote detection and for differential measurements, light from several lasers 
can be coupled easily to the sphere with optical fibres” 
The advantages of an integrating sphere over a standard cell for fibre coupled systems 
can be appreciated by examining Figure 8-39. In system (b) the sensitivity of the system 
will be limited by the effectiveness of the measures taken to suppress Fabry-Perot etalon 
and self mixing effects in the fibre launch system. In addition to the above described 
limitation, in system of Figure 8-39 (a), precautions against formation of Fabry-Perot 
etalons have to be undertaken; (1) when coupling the single mode fibre out put the cell, 
(2) gas cell windows and (3) when coupling from gas cell to multimode fibre. 
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Figure 8-39. Schematic diagram of a remote detection system employing optical fibre to couple light 
from the source to a detector. (a) scheme employing a standard cell (b) scheme employing a sphere. 
 
In the experiments only one source channel was used at a time. However, in several 
experiments, two detector channels were used by mounting the detectors directly onto 
the sphere or using multimode fibre to couple the sphere output to the detectors. Use of 
fibre offered greater flexibility and also lead to a longer pathlength by minimising the 
port fraction (a pathlength of 180cm (best case scenario) was achieved using a fibre 
configuration with a 2 inch sphere, Table 8-4 ).  
8.7.2 Interference effects 
 
Tranchart et al[12] claimed that “Because of the infinite number of different optical 
paths, no optical interference fringes are expected. It has been verified experimentally 
that, if such effects are present, they represent a modulation of the baseline 
corresponding to an absorption coefficient smaller than 5 ×10-7cm-1”. 
Neither a description of the experiment or results were presented in the paper relating to 
the above claim. It is therefore difficult to make a comment on this claim.  
In the experiments shown here, interference effects due to self mixing were found to be 
more problematic than Fabry-Perot etalon effects. Interference fringe signals with an 
amplitude equivalent to 9ppm gas signal were observed in an experiment (reported in 
Figure 8-30) using a VCSEL and a 2 inch integrating sphere configured as Figure 8-39 
(b).  
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For experiments using a collimated source as shown in Figure 8-38 (a), it was found 
necessary to locate the sphere at distances greater than 1 metre from the laser in order to 
minimise self mixing effects.  
8.8 Conclusion 
The feasibility of using integrating spheres as multipass optical cells has been 
investigated. In practice using integrating spheres lead to simple and robust systems. 
Fabry-Perot etalon effects could be easily designed out of the systems without requiring 
a great amount of alignment effort. 
However, the use of highly reflective diffusive surfaces (e.g. SpectralonTM, ZenithTM) in 
integrating spheres can induce self mixing interference effects that were found limit the 
detection sensitivity in several configurations that were considered. Design precautions 
against optical feedback have to be considered.  
A second source of intensity uncertainty was found to be speckle related. This was 
found to be of the same order of magnitude as the self mixing interference effects. In the 
configurations where a detector was mounted directly onto the sphere, the speckle 
related intensity uncertainty could be reduced by using large area detector or wide field 
of view. Using multimode fibre to couple light out of the integrating sphere can also 
lead to a reduction in speckle related intensity uncertainty (Figure 8-8). 
A discussion and conclusion of the thesis is given in Chapter 9. Also presented in this 
Chapter are suggestions for further work. This is followed by a list of publications 
arising from this research and appendices. 
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Chapter 9 Conclusion and Future work 
 
The advantages of using tunable diode laser absorption spectroscopy (TDLAS) for trace 
gas sensing include; fast response times, high sensitivity and high target gas selectivity. 
However, it is widely acknowledged that the sensitivity of many practical TDLAS 
systems is limited by the formation of unintentional Fabry-Perot interference fringes in 
the optical path between the source and detector[1]. This was also experienced in this 
thesis. The effect partly explains why field deployment of instruments based on TDLAS 
is relatively low, despite the large number of studies on TDLAS and the many 
advantages of using the technique. 
Common design techniques to reduce etalon formation include; the use of optical 
isolators, use of reflective rather than refractive optics, angling and antireflection 
coating of reflective surfaces[2]. Techniques for eliminating or reducing the amplitude of 
the fringe signal include: (a) mechanically oscillating the path length with external 
devices[13,4], (b) introduction of an asynchronous current in addition to the usual 
modulation current through the laser diode[5], (c) use of alternative waveforms[6,7] and 
(d) postdetection filtering[8]. The disadvantage of method (a) is that the detection 
bandwidth is limited by the mechanical motion and signal integration that is required[9]. 
Methods (b) and (c) are less effective and tend to wash out the gas absorption signal 
when the free spectral range (FSR) is comparable to the gas absorption linewidth[10]. 
Post detection filtering can only be applied where the signal and the interference spectra 
are distinguishable in the frequency domain[10]. 
In general the alignment of the optical components is critical. This often leads to 
complex designs with tight tolerances on optical component alignment, and can 
therefore be difficult and expensive to maintain in field instruments. This presents a 
barrier in transferring the technology from the laboratory to field applications. 
This thesis set out to investigate an alternative technique for eliminating Fabry-Perot 
etalon interference fringes that lead to simple and robust designs thereby easing 
manufacturing tolerances. A technique based on the use of diffuse reflections in the 
optical path between the source and the detector has been investigated. The focus was 
on gas cell design, as these are often the worst culprits[11].  
However, the use of diffuse reflections introduced laser speckle that contributed an 
intensity uncertainty to gas detection measurements. This lead to a systematic study of 
speckle effects including;  
1. Development of a methodology for investigating speckle effects in TDLAS. 
2.  Quantification the intensity uncertainty due to laser speckle. 
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3.  Investigation of methods of reducing speckle related intensity uncertainty.  
For a single static speckle pattern, the uncertainty is approximately given by ratio of the 
average speckle size ε to the detector diameter d (i.e. ε/d). The average speckle size is 
determined by the optical geometry of the gas cell and the light collection geometry. 
The uncertainty was minimised by integrating a large number of speckles over the 
detector area. This was achieved by arranging the geometry such that the speckle size 
was minimised and using a large area detector. In all the gas cell designs considered in 
this thesis, the estimated speckle related intensity uncertainty for a single static speckle 
pattern was in the range 1×10-3 to 1×10-4 equivalent ppm.  
Changes in the speckle pattern due to external factors (ambient vibrations, cooling fans 
in electronic equipment, pumps etc) will not worsen speckle noise for a sufficient 
number of speckles arriving at the detector. Although the speckle pattern will be non 
stationary, the detector will effectively ‘see’ the same number of speckles (i.e. average 
intensity is constant). Therefore in worst case, the speckle related uncertainty will be on 
the same level as that of a static speckle field. 
Speckle related intensity uncertainty can be actively suppressed by averaging a 
sufficient number of uncorrelated speckles during the detector integrating period. 
Adding M independent speckle patterns was shown to reduce the uncertainty by M . 
Uncorrelated speckle patterns were generated by applying a dither or rotation to the 
diffuser. In either case, the speckle related uncertainty in gas absorption measurements 
was reduced by a factor of 10. 
A worst case scenario in which speckle could lead to interference effects was also 
considered. Coherent combination of a polarised speckle field with a specular beam or 
another speckle pattern at the detector gave rise to interferometric speckle. 
Interferometric speckle contributed an intensity uncertainty that behaved in a similar 
manner to a low Finesse Fabry-Perot etalon. The visibility of the fringes was 
significantly reduced by integrating a large number of speckles over a detector area. The 
explanation for this result is that although the intensity of each speckle is periodic in 
phase, the distribution of the phases of individual speckles is random. Therefore this 
amounted to averaging random variables. In practice, it took considerable efforts to 
align the system to achieve interferometric speckle. Therefore formation of 
interferometric speckle can be avoided relatively easily through good design practice 
(i.e. ensuring that only the diffusely scattered light from the gas cell was directed at the 
detector). 
In the course of the experiments it was found that low level optical feedback gave rise to 
interferometric fringes in a phenomenon commonly referred to as the self mixing 
effect[12]. Interference fringes due to the self mixing effect were found to be equally if 
not more problematic. It is therefore surprising to find no systematic study of the 
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implications of self mixing interference fringes on TDLAS based sensors in the 
literature. A systematic study of self mixing interference effects was conducted.  
Both self mixing and Fabry-Perot etalon interference effects create a modulation of the 
light intensity measured at a detector. The effects of interference from low reflectivity 
etalons and from self mixing (in the case of low feedback) are equivalent. For a given 
cavity length d, the resulting fringes take the same sinusoidal form with a period that is 
equal to c/2d. 
Self mixing interference can arise from specular reflections (back reflection) and diffuse 
reflections (backscatter) with equivalent effects for the same levels of returned light and 
cavity length. Self mixing due to diffuse reflections has the important implication that 
the presence of dust or dirt within the optical path (including AR coated surfaces) will 
also present a problem.  
A Fabry-Perot cavity is formed by two parallel surfaces and the amplitude of resulting 
fringes scales linearly with the residual reflectivity of the surfaces, so that a 100-fold 
reduction of the reflectivity results in a decrease of the fringe visibility by the same 
factor. In contrast, only a single reflecting or backscattering surface is required to 
produce self-mixing interferometric fringes. The amplitude of the modulated power 
scales with the square root of the external cavity attenuation (in the case of weak 
feedback) so that if the backscattered or back reflected light is reduced by a factor 100, 
the amplitude of the modulated power is reduced by a factor 10 only.  
Thus, self-mixing interference fringes can arise in a greater range of circumstances than 
etalon-induced fringes and can be more difficult to eliminate. It is possible that self 
mixing interference fringes are routinely observed but are mistakenly attributed to 
Fabry-Perot etalons. 
Self-mixing fringes in a laser diode cavity can be distinguished from Fabry-Perot etalon 
fringes in two ways: 
(i)  Self mixing results in modulation of the output from the laser diode itself whereas 
Fabry-Perot fringes are only present on the beam that has transversed the etalon. 
Therefore the self mixing effect may conveniently detected on the rear facet 
emission of Fabry-Perot and DFB lasers using a monitor photodiode. 
(ii)  Self mixing also results in modulation of the voltage across the diode. This has a 
worse signal to noise ratio so that only relatively high levels of feedback can be 
detected, but is more convenient for laser diodes with no rear emission, such as 
VCSELs.  
A good quality (60dB) optical isolator would prevent the problem by reducing 
feedback. However, the effectiveness of the isolator is limited by feedback arising from 
residual reflections or backscatter (due to dust or dirt) from the front face of the isolator. 
Simple intensity referencing can remove the effects of the modulation to first order, 
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which in the experiments improved the signal to noise ratio by over a factor of 10. 
Intensity referencing is effective in the case of self mixing fringes since the modulation 
is on the laser emission itself and any changes in the fringes will be common to the 
reference and main path. In the case of Fabry-Perot etalons intensity referencing 
requires matching the reference path to the sensing path, which is often difficult to 
achieve in practice.  
In recent years, there has been increasing interest in using integrating spheres as 
multipass optical cells in TDLAS. The knowledge of diffuse reflections acquired in this 
thesis was applied to a study on the feasibility of using integrating spheres with 
diffusive internal surfaces as multipass optical cells. A number of claims made by 
previous workers regarding the potential advantages of using such cells were also 
investigated. 
In practice using integrating spheres lead to simple and robust systems. Fabry-Perot 
etalon effects could be easily designed out of the systems without requiring a great 
amount of alignment effort. Furthermore, effective path lengths that were several 
multiples of the sphere diameters were achieved. In a best case scenario a path length of 
180cm was achieved in a 5cm internal diameter sphere (practical path lengths of 100cm 
were routinely achieved in several configurations). 
However, the use of highly reflective diffusive surfaces (e.g. SpectralonTM, ZenithTM) in 
integrating spheres was found to induce self mixing interference effects that limited the 
detection sensitivity in several configurations that were considered. Design precautions 
against optical feedback have to be considered.  
A second source of intensity uncertainty in integrating spheres was found to be speckle 
related. In the configurations where a detector was mounted directly onto the sphere, the 
speckle related intensity uncertainty could be reduced by using large area detector or 
wide field of view. Using multimode fibre to couple light out of the integrating sphere 
can also lead to a reduction in speckle related intensity uncertainty. 
In summary the deliberate use of diffuse reflections in gas cells as a means of 
eliminating interference effects due to Fabry-Perot etalons has been investigated. It has 
been shown that under the right circumstances (i.e. precautions taken against formation 
of interferometric speckle and self mixing effects) robust gas cell designs that do not 
suffer from Fabry-Perot etalon effects can be realised. 
The technique could potentially simplify instrument design, thereby aiding the transfer 
of technology to industry. 
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9.1 Future work 
9.1.1 Speckle size dependence on surface structure 
The statistical properties of speckle presented in section 3.2 and summarised in 4.1 are 
based on the assumption that the surface height deviations of the diffuser are large in 
comparison to the wavelength of the radiation illuminating it, and that the resultant 
speckle field is completely polarised. 
It was pointed out in section 4.4 that  
1. Bulk diffusers (surfaces into which light penetrates and is multiply scattered) 
such as matt white paint or opal glass depolarise the light and thus do not 
generate a fully developed speckle pattern[13].  
2. The statistics of speckle from singly scattering surfaces with height deviations 
less than the illuminating wavelength have been shown to depend on the surface 
roughness[14]. 
Evidence was provided (see section 4.4) to show that speckle size and contrast 
depended on the type of sample that was used[15]. However, it was not possible to 
establish whether the observed effects where due to surface structure or bulk micro 
structure or multiple scattering effects. This was in part because singly scattering 
surfaces with deviations less than the illuminating wavelength were not readily 
available. Further work is required in this area to investigate if diffusers of this type can 
lead to reduction in speckle related intensity uncertainty. 
In the case of bulk scatterers, it is envisaged that the effects of surface structure or bulk 
micro structure or multiple scattering on speckle related intensity uncertainty will be 
difficult to distinguish. 
9.1.2 Laser diode packaging 
The DFB laser module used in this thesis (with integrated monitor photodiode enclosed 
in a reference cell, section 5.1.1) had several advantages over standard laser packages; 
• Absolute wavelength calibration. 
• The integral reference cell negated the need for a beam splitter in the forward 
path to sample a portion of the beam for the frequency stabilisation system. 
However it suffered from self mixing interference effects that limited the instrument 
sensitivity. However experiments reported in section 5.4.1 demonstrated that by 
observing good design practice, the self mixing fringes can be significantly reduced or 
eliminated. As the module is a hermetically sealed unit, it will be immune from 
feedback due to scattering caused by gradual accumulation of dust or dirt. Further 
development of this type of module is highly recommended. 
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In recent years, there has been increasing interest in using VCSELs in TDLAS mainly 
due to lower cost in comparison to DFBs. It has been shown in sections 6.2.6, 6.3 and 
8.5.4 that VCSELs are also susceptible from the self mixing effect. However, in many 
cases, VCSEL packages do not have a monitor photodiode. Without a monitor 
photodiode, it is difficult to distinguish interference effects due to low level feedback 
from low finesse Fabry-Perot etalons. Use of a commercially available VCSEL with an 
integral monitor (Emcore, Gigalase 8585-8312) has been reported in the literature16. An 
important area for further work is the development of VCSELs packages with an 
integral photodiode suitable for use in TDLAS. 
9.1.3 Use of integrating spheres in TDLAS 
The feasibility of using integrating spheres in TDLAS has been demonstrated. However 
the cost of commercially available integrating spheres is relatively high (around £1000).  
Abdullin and Lebedev[17] demonstrated the use of a home made 10cm internal diameter 
sphere machined out copper that had an effective path length of 430mm (4mm diameter 
ports). Further work is required on materials (surface scatters or bulk diffusers from 
which integrating spheres can be made to reduce cost. 
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Appendix A Theoretical description of WMS  
 
A.1 Model that only considers frequency modulation 
(intensity diode intensity modulation ignored) 
If the laser diode driving current is modulated sinusoidally, the current ( )i t is given by  
 0( ) sinmi t i i tω= +   (A-1) 
where 0i  the average laser current, mi  is the amplitude of the current modulation, ν is 
the frequency of the current modulation in Hz where 2ω piν= . The frequency and 
intensity of emission from the laser may be expressed as 
 0 sinm tν ν ν ω= +   (A-2) 
 0( ) [1 sin ]I t I tη ω= +   (A-3) 
where 0I  and 0 0( / )cν λ= represent, respectively, the average laser output power and the 
average laser carrier frequency. mν  is the amplitude of the frequency modulation and 
η is an intensity modulation index. At this point, it is necessary to recall that Beer’s law 
is given by 
0( ) ( )exp[ ( ) ]I I CLν ν α ν= −
 
The output light intensity of modulated laser light passing through a gas sample with an 
absorption coefficient ( )α ν is given by combining equations (A-2), (A-3) and Beer’s 
law. 
 0 0( ) (1 sin )exp[ ( sin ) ]mI t I t t CLη ω α ν ν ω= + − +  (A-4) 
Jin et al[1] approximated the light intensity after passing through the gas cell to be 
 0 0( ) [1 sin ( sin ) ]mI t I t t CLη ω α ν ν ω= + − +  (A-5) 
by making two assumptions; 
• ( ) 1CLα ν << , justified by the fact that in most practical situations the 
concentration of the gas being measured is small 
• 1η << , usually the residual intensity modulation is also small 
A.2 Theoretical description of WMS (Frequency and 
intensity modulation accounted for) 
A theoretical description of WMS that includes the IM–FM phase shift follows. 
The Lorentzian line distribution, can be rewritten in the form 
 ( )
2
0
22
( )
line
δν α
α ν
δν ν ν
=
+ −
 (A-6) 
Substituting equation (A-6) in the equation for transmittance 1 ( )T CLα ν= − , gives 
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 ( )
2
0
2 2
1
line
CLT δν α
ν ν δν
= −
− +
 (A-7) 
Equation (A-2) can be re written as 
 0 cosm tν ν ν ω= +   (A-8) 
Substituting (A-8) in (A-7) and expanding the transmittance T with respect to the 
frequency modulation amplitude mν , one obtains
[2] 
 
2 2
0 2 1 2cos cos(2 )4 4
m m
mT T T T t T t
ν ν
ν ω ω= + + +  (A-9) 
where T1 and T2 are the first and second derivatives of the transmittance respectively at 
ν = ν0 in equation (A-7) and 
 ( )
2
0
0 2 2
0
1  
line
CLT δν α
ν ν δν
= −
− +
 (A-10) 
 
( )
( )
2
0 0
1 2 2 2
0
2
 
[ ]
line
line
CL
T
ν ν δν α
ν ν δν
− −
=
− +
 (A-11) 
 
( )
( )
2 2 2
0 0
2 2 2 3
0
2[3 ]
 
[ ]
line
line
CL
T
ν ν δν δν α
ν ν δν
− − −
=
− +
 (A-12) 
Figure 1 shows the plots of the transmission factor and the first two derivatives. 
 
Figure 1: Plots of the transmission factor. The plots were generated by plotting the equations for 
T0, T1 and T2 in MathCADTM software. After Tanaka[2]. 
 
The laser output power equation requires modifying to include the IM-FM phase shift.  
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 0 0 cos( )I I I tη ω φ= + +  (A-13) 
where φ  is the IM-FM phase difference. The IM contributes an additional phase 
sensitive signal which is unrelated to the gas absorption[2]. 
After passage through an absorbing gas, the intensity P of the DFB laser is related to the 
initial intensity I and transmittance in the following manner 
 P AIT=  (A-14) 
where A is a constant coefficient that accounts for other losses in the system. 
By substituting equations (A-9) and (A-13) into equation (A-14), the intensity P 
becomes[2] 
 ( )
2
0 0 0 1 2cos( ) cos cos(2 )4
m
mP A I I t C T t T t
νη ω φ ν ω ω  = + + + +  
  
 (A-15) 
where 0C is given by 
 
2
0 0 24
mC T Tν= +  (A-16) 
By expanding equation (A-15) and ignoring the higher order terms, the components of 
P changing at the fundamental frequency ω are given by[2] 
 0 0 0 1( ) cos( ) cosmP AC I t AI T tω η ω φ ν ω= + +  (A-17) 
Since the two terms have different phases, their contribution can be manipulated by 
appropriate selection of detection phase in phase sensitive detection[2]. The contribution 
form the first term can be maximised by setting t nω φ pi+ = ±  in equation (A-17) to 
yield 
 [ ]1 0 0 0 1( ) cosmP A I C I Tω η ν φ= +  (A-18) 
And similarly, the contribution from the second term can be maximised by setting 
2
n
t
pi
ω φ+ = ±  in equation (A-17) to yield  
 2 0 1( ) sinmP AI Tω ν φ=  (A-19) 
It is worth pointing out that the IM contribution (η) is absent in 2( )P ω . 
From the foregoing considerations, Tanaka et al[2] has shown that if the laser frequency 
0ν is locked to the centre of the gas absorption line lineν , the second harmonic 
component of the detected signal (2 )P ω is given by 
 
2
0 2(2 ) / 4mP AI Tω ν=  (A-20) 
 
2
0 0
2(2 ) 2
mAI CLP ν αω δν=  (A-21) 
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(2 )P ω is proportional to the concentration path length product CL. If A is constant, then 
a quantitative measurement of the absorbing gas can be made from (2 )P ω [2]. To 
remove the dependency on A, the ratio R of (2 )P ω and ( )P ω is utilised. ( )P ω  is 
derived from (A-17), which at the line centre reduces to 
 [ ]0 0( )P A I Cω η=  (A-22) 
since T1 given by (A-11) equals zero. At the line centre C0 (A-16) is given by 
 
2
2
0 0 01 2 /4
mC CL CLνα α δν = − + 
 
 (A-23) 
The term in brackets on the right hand side of equation (A-23) is very small; therefore 
C0 is approximately equal to one. The ratio (2 )P ω / ( )P ω is therefore given by 
 
2
0
2
(2 )
( ) 2
mPR CL
P
ω ν α
ω ηδν= = ×  (A-24) 
Substituting /mx ν δν= in (A-24) using notation defined in WMS theoretical description 
of Jin et al[1] in section 2.6.1 to facilitate comparison gives 
 
2
02
xR CLα
η
= ×  (A-25) 
It can be seen that the 2f/1f ratio derived by Jin et al[1] (equation (2-18)) and Tanaka et 
al[2] (equation (A-24))  give the same result. The advantage of the formalism by Tanaka 
et al is most apparent when the 1f signal is used as the sensors output. If the IM-FM 
phase shift is known, then the component of the 1f signal that is due to the intensity 
modulation can be nulled by using equation (A-19) as the sensors output. Indeed this 
has been exploited by Johnstone et al[3] to eliminate RAM. 
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Appendix B Laser speckle 
 
B.1 Addition of laser speckle field 
The correlation coefficient of two random variables X and Y is defined as[4] 
 XY
X Y
XY X Yρ
σ σ
−
=  (B-26) 
where 
 ( ) ( )1/ 2 1/ 22 22 2,     X YX X Y Yσ σ= − = −  (B-27) 
If X and Y are independent variables, then 
 XY X Y=  (B-28) 
When this is the case the correlation coefficient is zero. The correlation coefficient of 
two interferometric speckle patterns Ia and Ib that have a phase difference δ between 
them is therefore 
 ( ) ( )1/ 2 1/ 22 22 2a b
a b a b
I I
a a b b
I I I I
I I I I
ρ −=
− −
 (B-29) 
According to Jones and Wykes[4], equation (B-29) is evaluated by noting the following 
points 
4. Ia, Ib and δ are independent variables and can be averaged separately 
5. The average of cosθ=0 
6. 22 2I I=  
When these points are taken into consideration, the correlation coefficient in equation 
(B-29) therefore reduces to 
 
2
2
1 2 cos( ) (1 )
r r
r
δρ δ + +=
+
 (B-30) 
where b
a
I
r
I
=  is the ratio of the intensity of the interferometric speckle patterns, and δ 
is the phase difference between them. 
B.2 Speckle pattern correlation fringe formation by 
electronic signal subtraction  
In subtraction ESPI the image from an object in its initial state is recorded and stored 
electronically. The object is then displaced and the digitized live camera signal of the 
deformed state of the object is subtracted pixel by pixel from the stored signal. Areas of 
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the two images where the speckle pattern remains correlated will give a resultant signal 
of zero, while uncorrelated areas will give non-zero signals[4].  
This is demonstrated by considering the intensities Ia and Ib given by equations (3-19) 
before and (3-20) after displacement respectively. 
If the output camera signals V1 and V2 are proportional to the input image intensities, 
then the subtracted signal Vs is given by[[4]]  
 
1 2
1 2
1 22 [cos cos( )]
s
a b
a b
V V V
V V I I
I I I I δ
= −
− ∝ −
− = Ψ − Ψ + ∆
 (B-31) 
 1 22 [sin( / 2) sin( / 2)]sV I I δ δ∴ ∝ Ψ + ∆ + ∆  (B-32) 
In this analysis the electronic noise introduced by the camera and the image processing 
unit has been ignored. The signal Vs has negative and positive values and therefore 
requires rectification before being displayed on the monitor to avoid loss of signal. The 
rectification is achieved by taking the rms (root mean square) value of Vs. If the 
brightness B on the monitor is assumed to be proportional to the rectified signal |Vs|, 
then the brightness at a given point in the monitor image is given by 
 
12 2 2
1 24 [ sin ( / 2)sin ( / 2)]B K I I δ δ= Ψ + ∆ ∆  (B-33) 
where the constant K= gγ, γ is the degree of resolution and g is the slope of the transfer 
function of the camera[5]. The term 4KI1I2 represents the background intensity and the 
term sin(Ψ + 1/2∆δ) represents the high frequency random speckle noise in the image, 
while last term, sin(1/2∆δ), gives the fringe pattern profile[6][7]. The last point is perhaps 
more obvious when equation (B-33) is presented in the alternative form 
 
12 2
1 24 [ sin ( / 2)((1 cos ) / 2)]B K I I δ δ= Ψ + ∆ − ∆  (B-34) 
Due to the subtraction process the DC speckle terms 2I1+2I2 have been removed from 
equation (3-21) resulting in a much improved fringe contrast. 
The fringe contrast can be further enhanced by appropriate band pass filtering to 
remove low-frequency background effects caused by variable illumination across the 
surface and the high frequency random noise contained in the second term[6][8],[4]. 
The brightness B varies between maximum and minimum values Bmax and Bmin if it is  
averaged along a line of constant 
 δ∆ [4]:  
 max 1 22 ,   (2 1) ,  0,1,2B K I I n nδ pi= ∆ = + =  (B-35) 
 min 0,    2 ,   0,1,2B n nδ pi= ∆ = =  (B-36) 
The bright fringes are formed wherever two speckle patterns corresponding to the 
initial and deformed states of the object are fully uncorrelated. “Therefore the image of 
the object appears covered with dark and bright regions, which represent the well-
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known correlation fringes”[7]. Due to the subtraction process the conditions for bright 
and dark fringes are reversed compared with conventional speckle interferometry.  
As the processing is done in software, a program can be written to continuously subtract 
live speckle interferometric speckle patterns after object deformation from the stored 
initial reference frame at set intervals and display the result. This means that speckle 
correlation fringes can be observed in pseudo-real time. Speckle correlation fringes can 
continue to be produced until the current speckle pattern becomes “decorrelated” with 
the initial reference pattern. Here the term decorrelated refers to the live speckle pattern 
losing touch with the stored reference frame due to unwanted motions in the 
measurement system leading to a loss of the displacement information. This type of 
decorrelation is known as “memory loss”[9] and should be distinguished from phase 
decorrelation. 
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Appendix C Frequency stabilisation scheme 
 
In WMS, when the laser frequency is tuned to coincide with the methane absorption line 
centre, the 2f signal has maximum amplitude and the 3f signal is zero (Figure 2). Near 
the zero crossing, the 3f signal can be approximated to be linear. By using the deviation 
from the zero crossing of the 3f signal as an error signal in a feedback control loop, the 
laser frequency can be locked to the peak of the 2f signal. The deviation of the 3f signal 
from the zero crossing corresponds to the deviation of the laser frequency from the 
centre of the absorption line, and locking the laser frequency to the peak of the 2f signal 
corresponds to locking to the centre of the absorption line. 
 
 
Figure 2: The second and third harmonic WMS signals, at gas line centre the 2f signal has 
maximum amplitude and 3f signal is zero. 
 
 
The experimental setup for locking the laser frequency to the absorption line of methane 
in the reference gas cell is shown in Figure 3. 
The light beam emitted from the back facet of the laser passed through the reference gas 
cell and was detected by the Ge photodiode. This signal was amplified by the 
transimpedance amplifier (self-made) and fed to the lock-in amplifier (Stanford 
Research SR850) for third harmonic (3f) extraction. The 3f was used as the error signal 
described above. 
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Figure 3: Experimental set up for gas line locking 
 
The schematic diagram of the feedback control circuit is show in Figure 4 below. 
 
Figure 4: schematic diagram of the DFB laser frequency stabilisation circuit 
 
An adjustable attenuator was used to scale the error signal from the lock-in amplifier to 
a level that is compatible with the 20 mA/V internal voltage to current converter of the 
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laser diode driver (Profile LD-202). The output signal from the attenuator was then fed 
to the proportional, integral and differential (PID) gain stage. The proportional amplifier 
with a near-unity adjustable gain was used to damp out error signal oscillations, whilst 
the integrator output settled at a level that corresponds to zero output from the lock-in 
amplifier, but continued to compensate for slow frequency drifts of the laser with a time 
constant of around 1s. The differentiator corrects for high frequency fluctuations of the 
error signal. The respective gains of the proportional, integral and differential 
components are set by the 20 kΩ, 20 kΩ and 330 kΩ resistors corresponding to the 
values used in the PID system of Bradley et al[10]. 
In a practical circuit, the output of the integrator tended to drift slowly even after the 
error signal had been removed because op-amp offsets and bias currents continued to 
charge the 2.2 pF feedback capacitor. The integrator could be zeroed temporarily, by 
shorting its input to ground, by closing the push-button switch across the feedback 
capacitor. The correcting signal from the PID circuit was inverted before being fed to 
the laser current controller so that the control effort acts in the direction that reduces the 
error signal. For experiments lasting less than 30minutes, only the PI control actions 
were used for convenience. 
A summing was used to add the correction term from the PID circuit and the 
modulation signal so that the two signals could be fed synchronously to the current 
controller. The modulation signal was first filtered with a passive high pass filter with a 
3 dB point at 1 kHz to remove any low frequency mains noise that could otherwise 
disturb the error correction signal from the PID circuit.  
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Figure 5: PID control circuit for laser frequency stabilisation drawn in MicroSim Pspice software 
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Appendix D The fibre coupling system; 
description and evaluation  
 
This section is concerned with examining the effectiveness of the design precautions 
that were undertaken to prevent optical feedback and formation of Fabry-Perot etalons 
in the fibre coupling system. Such measures included; use of an optical isolator, AR 
coated of optics, angle polished fibre ends and wedged windows for gas cell, angling 
reflective surfaces such that reflected components were not directed back along the 
optical axis. 
The schematic diagram of the fibre coupling system is shown in Figure 8.  
 
Figure 8: The experimental setup for investigating interference effects in the fibre coupling system. 
Key: APC, angle polished connector: 
 
The focussing lens (Thorlabs C280TM aspheric lens) used to launch the beam into the 
fibre had an anti-reflective coating with a specified reflectivity of < 0.5% at 1650nm. 
An optical circulator (Fiberlogix FCIR-65-2-L-1) was used as an isolator (specified 
45dB isolation) to prevent light reflected at the fibre output from being coupled back 
into the laser. The launch end face of the circulator into was angle polished at 12 
degrees and angled away from the incident beam at 6 degrees (see inset in Figure 8). 
The angle of the polished end face is based on the work done by Ulrich and 
Rashleigh[11] in which they reduced the residual reflections from the tilted fibre end face 
by -66dB. 
Optical feedback from optical elements placed in the optical path of the DFB laser was 
detected by monitoring the presence of interference effects on the monitor photodiode 
signal.  
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The effectiveness of the AR coating of the fibre coupling lens in preventing optical 
feedback into the DFB laser was investigated by comparing the reference monitor 
photodiode 2f signal without the lens and with the lens in place (Figure, with the fibre 
removed). Interference fringes were observed at lock-in amplifier time constants less 
than 100ms. Longer averaging time led to washing out of the fringes.  
 
Figure 9-1: 2f plots recorded at different lock-in amplifier time constants under feedback due to 
reflections from the lens. The time constants for plots (1), (2), and (3) are 30ms, 100ms, and 300ms 
respectively. 
 
To improve the visibility of the fringes, the laser was temperature tuned off the gas line. 
Figure shows a plot of the 2f background signal obtained in the presence of optical 
feedback from the lens. The fringes were eliminated by applying a slight tilt to the lens 
with respect to the laser. However this resulted in a lower coupling efficiency. 
 
Figure 10: Feedback due to reflections from the lens. 2f background signals “off” gas line. Lock-in 
amplifier time constant = 3ms. 
Figure 11 shows the worst and best case scenarios. In Figure 11(a), no attempt was 
made to minimise optical feedback (i.e. lens not tilted, FC rather than APC fibre 
connector). In the Figure 11(b), the lens was tilted and the 12 degrees APC fibre 
connector was tilted at 6 degrees with respect to the optical axis (see insert in Figure 8). 
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Figure 11: (a) 1f and 2f signals from the reference channel obscured by combination of optical 
feedback and etalon created by AR coated lens and FC fibre. (b) Feedback/fringes minimised by 
angling lens. Scan duration = 30ms, Time constant = 3ms.  
 
The in-fibre circulator was found to be effective in eliminating interference effects due 
to Fresnel reflections from the fibre output. To analyse the observed background 
modulation, the 2f signal was obtained whilst temperature tuning the laser over a range 
outside methane absorption line. Large etalon fringes were observed in the fibre-
coupled configuration corresponding to a cavity of approximately 13mm (Figure 12).  
 
Figure 12: Etalon fringes measured in background signal due to the optical circulator. DC current 
= 65mA. PDA400 gain = 10dB, lock-in amplifier time constant = 100mS. 
By observing the sensitivity of fringe pattern to touch and misalignment of the 
components in the optical path, it was noticed the fringes exhibited high sensitivity to 
disturbance (touch or heating) applied to the circulator. This could be taken to indicate 
that the circulator was the source of the etalon. However, the period of the fringes is 
comparable to the fringes generated in the DFB module. It is therefore difficult to 
establish without ambiguity whether the circulator is source of the fringes. Because of 
the sensitivity to alignment of the fibre coupling system for effective prevention of both 
optical feedback and Fabry-Perot etalon effects, it was decided the disadvantages of 
using the fibre system outweighed the advantages (mainly convenience of guiding the 
light to the detector). The fibre coupling system was therefore removed from the 
instrument. 
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Appendix E Herriot multipass optical cell 
 
An excellent review of MOCs can be found else where in the literature[12]. Here, only a 
brief description of the operation and limitations of a Herriott cell is given.  
The simplest form of a Herriott cell consists of two spherical mirrors separated by d≤ 4f, 
where f is the focal lengths of the mirrors (Figure 13). 
 
 
Figure 13: White optical system; basic set of four passes. After Sigrist[13]. 
 
A collimated laser beam is coupled into the system through a hole in one of the mirrors. 
“The beam is periodically reflected and refocused between the mirrors and then, after a 
designated number of passes N, exits through the input hole (corresponding exactly to 
the entry position of the input beam, defining the re-entrant condition) in a direction 
(slope) that is different from the entry slope. As a result, the total optical path traversed 
in the cell is approximately N × d”[14]. The pattern of reflected spots observed on the 
mirrors in these cells defines an ellipse. The number of passes is therefore limited by the 
number of spots one can fit on the circumference C of the ellipse without the spot 
adjacent to the output hole being clipped by or exiting that hole at a pass number less 
than N[14]. The maximum number of passes can be approximated by C/hole diameter[14]. 
The requirement of highly precise mirrors and complex alignment procedures in these 
types of MOCs has led to interest in the use of integrating spheres. 
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